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ABSTRACT 
Development of Dynamic DNA Probes for High-Content in situ 
Proteomic Analyses 
by 
Ryan M. Schweller 
Dynamic DNA complexes are able to undergo multiple hybridization and 
dissociation events through a process called strand displacement.  This unique property 
has facilitated the creation of programmable molecular detection systems and chemical 
logic gates encoded by nucleotide sequence.  This work examines whether the ability to 
selective exchange oligonucleotides among different thermodynamically-stable DNA 
complexes can be harnessed to create a new class of imaging probes that permit 
fluorescent reporters to be sequentially activated (“turned on”) and erased (“turned off”).  
Here, dynamic DNA complexes detect a specific DNA-conjugated antibody and undergo 
strand displacement to liberate a quencher strand and activate a fluorescent reporter.  
Subsequently, incubation with an erasing complex allows the fluorophore to be stripped 
from the target strand, quenched, and washed away.  This simple capability therefore 
allows the same fluorescent dyes to be used multiple times to detect different markers 
within the same sample via sequential rounds of fluorescence imaging. 
We evaluated and optimized several DNA complex designs to function efficiently 
for in situ molecular analyses.  We also applied our DNA probes to immunofluorescence 
imaging using DNA-conjugated antibodies and demonstrated the ability to at least double 
the number of detectable markers on a single sample.  Finally, the probe complexes were 
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reconfigured to act as AND-gates for the detection of co-localized proteins.  Given the 
ability to visualize large numbers of cellular markers using dynamic DNA probe 
complexes, high-content proteomic analyses can be performed on a single sample, 
enhancing the power of fluorescence imaging techniques.  Furthermore, dynamic DNA 
complexes offer new avenues to incorporate DNA-based computations and logic for in 
situ molecular imaging and analyses. 
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Chapter 1 
Introduction 
1.1. The Need for Fluorescence Imaging Techniques 
Bulk protein detection techniques have become important to proteomics research 
due to their ability to detect and analyze large numbers of markers in parallel, including 
two-dimensional gel electrophoresis [1], western blotting [2], mass spectrometry [3], 
antibody microarrays [4], and enzyme-linked immunosorbent assays (ELISAs) [5].  
However, these methods typically require destructive preparation of samples to create 
homogeneous analyte solutions.  Such processing results in the loss of spatially-encoded 
marker levels and distributions.  For example, solid tumors are composed of a 
combination of benign, cancerous, and stromal cells, and consequently, techniques that 
analyze these architectural features are central to our understanding of tumor progression 
and diagnosis.  Furthermore, the ability to monitor biomarkers in intact cells and tissues 
is also important for many analyses because individual cell phenotypes can be 
distinguished due to their external environment and boundary conditions [6].  For these 
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reasons, fluorescence microscopy approaches have therefore become critical to biomarker 
detection and screening for the characterization of healthy and diseased tissues. 
1.2. Current Limitations in Fluorescence Imaging 
Although fluorescence detection methods have broad utility for in situ proteomic 
analyses, fluorescence microscopy techniques are largely unable to dissect levels or 
spatial distributions of markers in cell or tissue samples.  This defficiency is primarily 
due to the inability to spectrally separate large numbers of fluorescent dyes.  While 
improvements have been made through instrumentation (i.e. confocal or hyperspectral 
microscopy) [7-11], fluorescence imaging is incapable of capturing the full cellular 
‘picture’ needed for proteomic analyses.  The standard solution for this problem is to 
assess small numbers of markers on large numbers of samples to generate statistical 
correlations among target proteins.  These advances are effective in some analyses.  
However, they are prohibitive when samples are highly heterogeneous or when rare cell 
types are to be interrogated.  For example, cancerous tissues exhibit high heterogeneity 
among cell morphologies and protein expression patterns that can have very important 
functional significance (Figure 1.1) [12-14].  Yet, the inability to detect more than a few 
dyes makes it difficult to assess functionally important relationships among multiple 
samples [15].  This problem has greatly hindered the identification of reliable cancer 
biomarkers for prognosis.  While many biomarkers have been discovered to date, far 
fewer have been integrated into clinically relevant assays due to the lack of large scale 
functional correlations among individual markers [16-18]. 
 3 
 
Figure 1.1 Spot cultures of two immortilized bronchial epithelial tumor cell lines 
(top and bottom).  The cells are stained for phosphorylated EGFR (green) and 
nuclei (red).  In the top images, cells show similar phosphorylation in the center of 
the culture as well as at the edge of the culture, but with large heterogeneity within 
the images.  The bottom cells show high heterogeneity between the leading edge and 
center of the culture, but a very homogeneous response within the images. Adapted 
from [19]. (Scale bars: 100 m) 
The inability to detect more than a few markers make analyses of rare cell types 
impossible as the entire suite of fluorescent markers is often needed to identify the 
relevant cells.  For example, cancer stem cells (CSCs) often represent < 1% of a tissue’s 
cell population (Figure 1.2) [20] and reproducibility of detection is hotly debated [21].  
Although a vast number of stem cell markers are known for a variety of cells and tissues 
[22-28], it has proven difficult to isolate CSCs and devise more effective methods of 
detection.  These cells are particularly important as they have demonstrated a high 
resistance to most standard cancer treatments, including radiation therapy [29, 30], 
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potentially enriching CSC populations [20].  Furthermore, CSCs exhibit ‘stem-like’ 
behavior, allowing them to recapitulate an entire tumor on their own [21], making 
effective identification and treatment a high priority. 
 
Figure 1.2 Tissue section of a H460 lung tumor xenograft.  Animals were treated 
with IdUrd (green) and ClrdUrd (red) and cells were stained with DAPI (blue).  The 
green cells are believed to be ‘dormant’ CSCs, while red cells are believed to be 
proliferating progenitor stem cells. Adapted from [19]. (Scale bars:250 m) 
1.3. Current Fluorescence Imaging Technologies 
Immunofluorescence (IF) is a common technique for cellular analyses, harnessing 
fluorescently labeled antibodies for detection.  As antibodies can be raised against nearly 
any biological target (i.e. proteins, haptens, and nucleic acids) with high specificity and 
affinity, they are ideal targeting agents for a variety of fluorescence-based immunoassays.  
Both direct and indirect IF have been mainstays for cellular imaging (Figure 1.3) and IF 
capabilities have been continually expanded by developing enzymatic amplification 
methods [31], employing a variety of different fluorescent reporter molecules such as 
quantum dots [14, 32], and devising methods to utilize primary antibodies form the same 
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host species [33, 34].  As an alternative to immunofluorescence, DNA-based methods 
have also shown great promise through hybridization-based detection assays. 
 
Figure 1.3 Schematics of direct (A) and indirect immunofluorescence (B). 
1.4. DNA-Based Fluorescence Imaging Techniques 
DNA has become increasingly attractive for imaging applications because of the 
ability to generate large numbers of orthogonal nucleotide sequences (i.e. 4
n
 nucleic acid 
combinations) and incorporate diverse sets of fluorophores or functional groups.  
Fluorescence in situ hybridization (FISH) is commonly used to detect and even count 
specific chromosomal DNA sequences and mRNA transcripts [35-40] as well as track 
their transport in live cells [41, 42].  This technique has granted a better understanding as 
to how cells regulate protein synthesis with high spatio-temporal control [43].  Molecular 
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beacons are a special class of FISH probe that take on a stem-loop, hairpin conformation.  
The ends of the stem contain dye and quencher molecules, so fluorescence is only 
produced upon hybridization and separation of the stem [44-48]. 
DNA-based methods have also been developed for the detection of proteins.  
DNA and RNA aptamers have offered the most direct methods to fluorescently label 
protein markers in cellular environments [49-51].  DNA also can be directly conjugated 
to antibodies for fluorescence detection applications.  Originally, these conjugates were 
used to label antigens with ssDNA, which could then be detected and quantified via 
polymerase chain reaction (PCR) [52].  Since this initial work, in situ imaging techniques 
have been developed employing rolling circle amplification (RCA) [53, 54].  RCA 
extends the DNA label into a long repeating polymer, which can be detected via the 
hybridization of short fluorescent oligonucleotides.  This work has been expanded to also 
detect protein-protein interactions through proximity ligation assay (PLA) [55, 56], where 
two DNA-labeled antibodies must be close in close proximity to form the template for 
RCA.  Recently, Teo et al. synthesized a class of fluorescent DNA analogues capable of 
being excited by UV light [57].  By combining these synthetic bases, unique 
polyfluorophores-based DNA backbones have been created to label antibodies for IF 
[58], similarly to standard fluorescent dyes. 
Although DNA offers new fluorescence imaging modalities and a method to 
generate large numbers of orthogonal targets for proteomic analyses, it still cannot 
overcome the basic spectral limitations of fluorescence imaging.  As such, dynamic DNA 
technologies, which are capable of undergoing multiple hybridization and dissociation 
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events, may offer an alternative route to addressing the limitations of fluorescence 
imaging. 
1.5. Dynamic-DNA for Fluorescence Imaging Applications 
While static DNA technologies terminate upon the formation of a 
thermodynamically stable conformation, dynamic DNA interactions are capable of 
function in complex non-equilibrium reactions, acting as logic gates [59, 60], motors [61-
64], and computational networks [65-67].  Dynamic DNA reactions employ a very 
specialized and selective DNA interaction known as branch migration. Here, a ssDNA 
hybridizes a short ‘toehold’ domain (1, Figure 1.4A) and branch migrates, displacing a 
strand from the original DNA complex (2, Figure 1.4A).  This process can be expanded 
by incorporating a toehold dissociation step to reveal a new toehold domain (3, Figure 
1.4B). 
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Figure 1.4 Mechanisms of three-way branch migration-based strand exchange 
reactions. A. Toehold-mediated strand displacement, and B. Toehold mediated 
strand exchange. 
By treating these reaction mechanisms as simple building blocks, increasingly 
complex reaction networks have been created.  Zhang et al. designed a catalytic ‘circuit’ 
that combines two strand exchange steps, creating a modular cyclic reaction network.  
They could then combine multiple reconfigured ‘circuits’ to exhibit different catalytic 
behaviors (i.e. cross-catalysis and autocatalysis) or act as an analog AND-gate [68].  
Similarly, Yin et al. devised a basic input-output method to construct biomolecular 
networks based upon simple DNA hairpin motifs [63].  By controlling the arrangement 
and display of toehold domains on these hairpins, they can create catalytic circuits, 
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arbitrary dendrimer structures, or walkers, illustrating the versatility of biomolecular 
functions that can be encoded in DNA.  Furthermore, dynamic DNA behaviors have also 
been used for fluorescence imaging.  Seferos et al. illustrate the first direct incorporation 
of strand exchange for cellular detection [69].  In this work, ssDNA was hybridized to a 
short fluorophore-bearing oligonucleotide and conjugated to a gold nanoparticle, 
quenching the fluorescence.  Upon binding a target mRNA transcript the fluorophore 
strand is released via branch migration, allowing the fluorescence to be visualized.  Since 
this initial work, “nano-flares” have been multiplexed to detect multiple mRNA 
transcripts simultaneously using a single nanoparticle [70]. 
More recently, Choi et al. employed a hairpin-based amplification scheme, known 
as hybridization chain reaction (HCR) [71], to fluorescently localize five distinct mRNA 
transcripts in fixed zebrafish embryos [72].  The hairpins are capable of “opening” upon 
the detection of a specific mRNA transcript.  The previously looped DNA sequence then 
acts as a new toehold allowing a second hairpin to bind and open.  This process continues 
similar to a chain reaction, requiring only two hairpin motifs to create a sequential linear 
polymer structure.  By incorporating dye molecules into the hairpin structures, the DNA 
polymer acts a linear signal amplifier.  
1.6. Objectives and Summary 
This work seeks to develop a novel fluorescence labeling scheme, where the same 
fluorescent dyes are used multiple times to detect different markers within a single cell or 
tissue sample via multiple rounds of fluorescence imaging.  To accomplish this, reactive 
DNA complexes were designed that undergo strand displacement reactions to 
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sequentially activate a fluorescent signal upon the detection of a target DNA sequence 
and subsequently deactivate the signal upon the addition of an erasing complex.  In this 
thesis, we will create DNA-conjugated antibodies capable of detecting target antigens, 
design and optimize DNA complexes to facilitate the in situ detection of protein markers, 
selectively label and image protein markers on fixed cells using DNA-conjugated 
antibodies, and utilize the reconfigurable nature of dynamic DNA complexes to 
implement logic-based detection schemes. 
Several other techniques have been developed to facilitate multiple rounds of 
fluorescence imaging for the detection of large numbers of markers.  Schubert et al. 
developed a method known as multi-epitope-ligand cartography (MELC), allowing them 
to detect and analyze 49 molecular markers in situ [73].  Although this technology 
represents a great leap forward in fluorescence imaging for proteomic analyses, it is not 
readily adaptable to a laboratory setting.  Fifteen automated work stations were required 
to generate their data sets and only two fluorophores could be visualized simultaneously.  
Furthermore, deactivation of fluorescent reporters was done via photobleaching and long 
term exposure to UV light sources could be damaging to cell or tissue samples.  
Similarly, Suzuki et al., developed a heat treatment method to eliminate the antigenicity 
of primary antibodies [74].  By heating samples to 90º C for fifteen minutes, they found 
primary antibodies could be removed from their sample, allowing primary antibodies 
from the same species to be used for subsequent labeling.  Yet, they do not test their 
detection ability beyond three protein markers and the effects of multiple heat cycles on a 
sample are unknown. 
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Employing reactive DNA complexes to activate and erase fluorescent signals, all 
desired antibodies could be incubated on the sample simultaneously and detected in small 
sets at room temperature, under mild buffering conditions (generally TAE with 
magnesium or PBS).  In addition, activating and erasing reactions can be performed 
simultaneously, minimizing wait times between fluorescence imaging sessions.  Lastly, 
the strand displacement mechanisms used to activate and erase the fluorescent signals are 
the most basic reactions employed by dynamic DNA technologies.  Therefore, while heat 
disruption and photobleaching may be amenable to “erase” IF and DNA-based 
fluorescence detection, these methods cannot recapitulate the diverse capabilities offered 
by strand displacement mechanisms to create chemical circuits or computational 
networks for new and unique fluorescence detection modalities. 
To illustrate the development and use of our dynamic DNA probe complexes, this 
thesis is arranged as follows: 
Chapter 2 will discuss the original design of our reactive DNA probe complexes 
using the entropic-driven circuit components developed by Zhang et al. [68].  We will 
then test these probes on a microarray platform as well as on fixed cells as a proof-of-
principle demonstration for this technology. 
In Chapter 3, we will optimize the DNA probe complexes to operate efficiently in 
fixed-cell environments.  While most dynamic DNA reactions are performed in 
homogeneously mixed solution-phase environments, the DNA probes should be tuned to 
reflect the cellular reaction environment. 
Chapter 4 will examine the direct application of the DNA probe designs to 
immunofluorescence imaging.  Employing antibody-based detection, the probe 
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complexes should be able to exhibit responses similar to those seen by fluorophore-
labeled secondary antibodies as well as allow multiple rounds of fluorescence 
microscopy. 
Chapter 5 will demonstrate the ability to apply more complex detection methods 
using dynamic DNA probes.  By modifying our probe complexes, we will build an AND-
gate capable of identifying co-localized proteins on cell samples. 
Finally, in Chapter 6, we will conclude these studies and detail future avenues and 
experiments for this work.  Chapter 7 is purely supplemental, detailing the synthesis and 
characterization of our semi-synthetic DNA-protein conjugate used for studies in 
Chapters 2, 3, and 5.  It has been included as a chapter to maintain formatting and 
properly incorporate references. 
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Chapter 2 
Multiplexed and Reiterative 
Fluorescence Labeling via DNA 
Circuitry  
This chapter describes the design of fluorescent DNA-based probes for 
fluorescence imaging.  We hypothesized that the half reactions from entropically driven 
circuits developed by the Zhang et al. (ref [68]) could be used to selectively label and 
erase protein markers within fixed cells.  These circuits are composed of three 
components: a substrate complex, catalyst strand, and fuel strand.  Normally, all three 
components are present to drive the reaction forward converting substrate to waste and 
regenerating the catalyst.  By incorporating quencher and dye molecules into the 
substrate complex and fuel strand, a fluorescently active intermediate complex can be 
trapped kinetically.  After imaging, the fuel strand can be added to quench the 
fluorophore and regenerate the catalyst. 
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To achieve this, three metrics need to be accomplished: 1. Reactions should label 
catalysts specifically, 2. Circuits should be capable of operating in parallel, and 3. 
Catalyst (target) strands should be capable of being multiple several times.  To test this, 
we developed a microarray platform to test and evaluate probe complexes, including their 
reaction efficiencies and cross-reactivity.  This platform then was used to demonstrate 
parallel operation of circuits.  Furthermore, using the microarray platform we show that 
we are able to detect four unique target strands with only two fluorescent dyes.  Finally, 
using a transfectable GFP fusion protein, which can be labeled using an engineered 
DNA-protein conjugate, we demonstrate selective fluorescence activation as well as the 
ability to label a single target strand multiple times.  This chapter, thus, acts as a proof of 
principle for reiterative and reiterative DNA-based detection of cellular markers. 
 
Reproduced with permission from: 
Duose, Dzifa Y.;* Schweller, Ryan M.;* Hittelman, Walter N.; Diehl, Michael R.; 
Multiplexed and Reiterative Fluorescence Labeling via DNA Circuitry. Bioconjugate 
Chem., 2010, 21 (12), 2327–2331. 
*Equal Contributors 
Copyright 2010 American Chemical Society. 
2.1. Introduction 
In situ imaging of molecular markers has become increasingly important to 
advancements in the biological and biomedical sciences [35, 38, 75-77]. These 
approaches offer advantages over bulk analyses, since they allow spatially dependent 
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expression patterns of RNA and proteins to be delineated in cells and tissues. Several 
antibody and nucleic acid-based ﬂuorescent probe technologies have been developed for 
marker imaging, and the sensitivity of these probes has been continually improved [45, 
77-79]. Yet, many contemporary cytological studies now require increasingly 
comprehensive molecular pathway analyses to characterize the network-level properties 
of cells and resolve functional relationships among cell phenotypes and their tissue 
distribution [32, 80, 81]. In such cases, the number of markers one seeks to examine can 
easily exceed the number of probes that can be used simultaneously for detection due to 
the spectral overlap of the reporting dye molecules. Thus, various biological studies stand 
to benefit from methods that allow a greater number of molecular markers to be 
visualized. 
The number of markers that can be evaluated on an individual biological sample 
could be increased if it were possible to remove ﬂuorescent probes from cells such that 
new markers could be labeled and detected using the same ﬂuorescent reporting 
molecules. However, dye molecules are typically attached covalently to probes that are 
engineered to speciﬁcally bind their targets with high affinity. Probe removal therefore 
requires the use of harsh chemical and/or physical treatments that can disrupt cell and 
tissue morphology and compromise subsequent marker analyses. 
To overcome these limitations, we adapted a new class of DNA circuit 
technologies as molecular imaging probes that allow ﬂuorophores to be sequentially 
coupled to, and removed from, molecular markers using exceptionally mild processing 
conditions. Derived from “entropically driven” circuits developed by Zhang et al. [68], 
these probes operate using principles distinct from those of FISH probes and molecular 
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beacons. Whereas these latter technologies rely on more classical, sequence-dependent 
hybridization reaction mechanisms for target recognition, the different complexes that 
make up the entropically driven circuits are designed to react with one another via a 
process called strand-displacement: the selective exchange of individual oligonucleotides 
among different complexes of DNA [59, 63, 82, 83]. These reactions proceed in a 
sequence-dependent fashion, and hence, multiple circuits can be employed 
simultaneously to label different targets. Yet, the total number of matched base pairs that 
are formed through these reactions does not necessarily have to increase for them to 
proceed efficiently (i.e., reactant and product complexes can be isoenergetic). As a result, 
strand displacement reactions can be used to assemble, isolate, and disassemble stable 
intermediate-state complexes of multistep reaction cycles. Herein, we show that such 
capabilities can be harnessed to create erasable molecular imaging probes that can 
function at ambient temperatures and in mild, nondenaturing buffers (e.g., Tris-based 
buffers). Thus, while the circuit-based probes facilitate multiplexed (simultaneous 
multicolor) detection, they should also allow the same-colored dye molecules to be used 
reiteratively to label different markers on an individual sample of ﬁxed cells. 
2.2. Materials and Methods 
2.2.1. General 
Oligonucleotides were purchased from Integrated DNA Technologies (IDT 
Coralville, IA) and can be found in Table 2.1. The recombinant target protein GFP-ZE, 
was designed with C-terminal leucine zipper (ZE) and 6× Histidine tag (6xHis) for 
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puriﬁcation using standard cloning procedures. Artificial proteins were labeled with 
catalyst DNA as described in ref [84]. 
2.2.2. DNA Circuit Design and Characterization 
The DNA circuit sequences were designed as previously described [68]. 
Fluorophores and quenchers were incorporated into substrate complexes as shown in 
Figure 2.1. Strands outﬁtted with ﬂuorophores or quenchers were purchased HPLC-
purified. DNA complexes were formed via a thermal annealing procedure: strands were 
mixed together at a 1:1 stoichiometry in TAE/Mg
2+ 
buffer at a final concentration of 3 
µM. The temperature of this solution was then raised to 95° C and reduced to 25° C over 
90 min. DNA complex formation was verified by 12% (w/v) non-denaturing PAGE gel 
analyses using SYBR-Gold staining (Invitrogen Carlsbad, CA). 
 
Figure 2.1 Circuit design scheme with strand labeling convention for complexes. 
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Sequence 
Name 
Nucleic Acid Sequence  
Circuit1_O1 
CCA CAT ACA TCA TAT TCC CTC ATT CAA TAC CCT 
ACG/3IAbRQSp/ 
Circuit1_O2 CTT TCC TAC A CC TAC GTC TCC AAC TAA CTT ACG G 
Circuit1_LB 
TGG AGA /iCy5/CGT AGG GTA TTG AAT GAG GGC CGT AAG 
TTA GTT GGA GAC GTA GG 
Circuit1_C CAT TCA  ATA CCC TAC GTC TCC ATT TTT TTT TT /3AmMC6/ 
Circuit1_Fuel 
CCT ACG TCT CCA ACT AAC TTA CGG CCC TCA TTC AAT ACC 
CTA CG/3IAbRQSp/ 
Circuit1_O1 
comp 
GTA TTG AAT GAG GGA ATA TGA TGT ATG TGG 
Circuit1_O1 
short 
CCA CAT ACA TCA TAT TCC CTC ATT 
Circuit2_O1 ACC TCT TCA CGA ACA TTT CA/3IAbRQSp/ 
Circuit2_O2 ACC TAA TAG C AC CAC ATC AAT CTC GAT CCA GTA C 
Circuit2_LB 
TGG CTA /iCy3/TGA AAT GTT CGT GAA GAG GTG TAC TGG 
ATC GAG ATT GAT GTG GT 
Circuit2_C CTT CAC GAA CAT TTC ATA GCC  ATT TTT TTT TT /3AmMC6/ 
Circuit2_Fuel 
ACC ACA TCA  ATC TCG  ATC CAG TAC ACC TCT TCA CGA  
ACA TTT CA 
Circuit2_O1 
comp 
TGT TCG TGA AGA GGT 
Circuit2_O1 
short 
ACC TCT TCA 
Circuit3_O1 TCA CAC ATC AAC CTC T  TCTT  T CTC TCG ACA CAT CAC 
Circuit3_O2 CTT TCC TAC A CT TAT TCA TCC TTT CAC TCA CTT C 
Circuit3_LB 
GAA GTG AGT GAA AGG ATG AAT AAG AAG AGTG ATG TGT 
CGA GAG AAAG TAA 
Circuit3_C TCT CTC GAC ACA TCA C TTA CTT TT TTT TTT TT /3AmMC6/ 
Circuit3_Fuel 
CT TAT TCA TCC TTT CAC TCA CTT CTCTT  TCT CTC GAC 
ACA TCA C 
Table 2.1 List of nucleic acid sequences used for conjugation, microarray 
experiments, and multiprotein scaffold experiments. /3AmMC/, /3IAbRQSp/, /iCy5/, 
/iCy3/, /5Cy5/, and /5Cy3/ indicate 3ʹ amine, 3ʹ Iowa Black quencher, internal Cy5, 
internal Cy3, 5ʹ Cy5, and 5ʹ Cy3 modifications, repectively. 
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Sequence 
Name 
Nucleic Acid Sequence  
Circuit3_O1 
comp 
TGT CGA GAG AAA GAA GAG GTT GAT GTG TGA 
Circuit3_O1 
short 
TCA CAC ATC AAC CTC TTC TTT CTC 
Circuit4_O1 CAC CAA CCC AAT TCT C  CCTA  C CCA TTC CTG TAT CAT 
Circuit4_O2 ACC TAA TAG C TAC CTT CCC TCT ATT CAT GTC CAC 
Circuit4_LB 
GTG GAC ATG AAT AGA GGG AAG GTATAG GATG ATA CAG 
GAA TGG GTGG AGT 
Circuit4_C CCC ATT CCT GTA TCA T AC TCC A TT TTT TTT TT /3AmMC6/ 
Circuit4_Fuel 
TAC CTT CCC TCT ATT CAT GTC CAC CCT ACC CAT TCC TGT 
ATC AT 
Circuit4_O1 
comp 
CAG GAA TGG GTA GGG AGA ATT GGG TTG GTG 
Circuit4_O1 
short 
CAC CAA CCC AAT TCT CCC TAC CCA 
Circuit5_O1 CAT ACC ACA ACA ATT TAC TTC ACC AAC CCA TCC ACT 
Circuit5_O2 CTT TCC TAC AAA TCG CCA AAC TAC AAA CTC AAT C 
Circuit5_LB 
GAG GTG AGT GGA TGG GTT GGT GAA GTG ATT GAG TTT 
GTA GTT TGG CGA TT 
Circuit5_C CAC CAA CCC ATC CAC TCA CCT C TT TTT TTT TT /3AmMC6/ 
Circuit5_Fuel 
AAT CGC CAA ACT ACA AAC TCA ATC ACTT CAC CAA CCC 
ATC CAC T 
Circuit5_O1 
comp 
TGG GTT GGT GAA GTA AAT TGT TGT GGT ATG 
Circuit5_O1 
short 
CAT ACC ACA ACA ATT TAC TTC ACC   
1compcy5 /5Cy5/TGT AGG AAA G 
1compcy3 /5Cy3/GCT ATT AGG T 
Table 2.1 Cont. 
2.2.3. Microarray Procedures 
The DNA microarrays were printed on Vantage silyated aldehyde slides (CEL 
Associates Pearland, TX) using SMP3 pins (ArrayIt Sunnyvale, CA) and a custom 
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fabricated microcontact printer. Arrays were fabricated by spotting solutions of 3′-amine 
labeled C strands (10, 5, 1, 0.5, 0.1, and 0.05 µM stocks for gradient experiments and 2 
µM stocks for all others) in PBS (pH 6.6) containing 30% (w/v) glycerol. Afterward, the 
slides were incubated in a humidity chamber for 6 h. Free aldehyde groups on the slides 
were then quenched for 5 min in a sodium borohydride solution [3:1 PBS/EtOH 2.5% 
(w/v) NaBH4]. Slides were blocked for 2 h in 4× SSPE buffer (600 mM NaCl, 40 mM 
NaH2PO4, and 5 mM EDTA) containing 0.1% (w/v) BSA, washed 3 times with 4× SSPE 
buffer with 0.1% (w/v) SDS, rinsed with milliH2O, and dried under nitrogen. 
Microarray labeling/activation and dye removal/deactivation reactions were 
performed using a static incubation procedure or with a hybridization station (TrayMix2: 
ArrayIt) that provides active mixing of reagents over the slide. For static incubation, 
Gene frames (AbGene Rockford, IL) were affixed over the arrays to create a reaction 
chamber containing 5 pmol substrate and OC1 consumption complex in TAE w/Mg
2+
. 
The arrays were incubated overnight. The Gene frames were then removed and slides 
were washed 3 times in 4× SSPE buffer, rinsed again in milli-H2O, and dried under a 
nitrogen stream. Deactivation and reiterative labeling experiments were performed 
similarly by affixing new Gene frames to the slides and repeating the incubation 
procedure. Microarray analysis was performed using ImageJ (http://rsbweb.nih.gov/ij/). 
For Figure 2.3b, average fluorescent intensity was measured for each spot 
concentration (ten replicates of each concentration).  Averages (+/- standard deviation) 
were plotted against the spotted concentration and fit to a Langmuir model.  All statistical 
analyses were performed using OriginPro 8 (OriginLab, Northampton, MA). 
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2.2.4. Cell Culture and Labeling 
HeLa cells were cultured in an 8-chambered coverslips (Lab-Tek Rockford, IL) 
for 24 h in DMEM supplemented with 10% (v/v) FBS, 50 µg/mL penicillin, and 50 
µg/mL of streptomycin. For GFP labeling experiments, the media was replaced and the 
cells were transfected with GFP-ZE DNA using Fugene (Roche Indianapolis, IN) 
transfection reagent under the manufacturer’s protocol. 
To label cells, coverslips were washed once with PBS and ﬁxed with freshly 
prepared 4% (w/v) paraformaldehyde (PFA) solution for 30 min. The cells were then 
washed twice for 2 min with PBS, permeabilized for 5 min with 0.2% (v/v) Triton X-100, 
washed twice again with PBS, and stored overnight at 4 °C. Prior to circuit labeling 
experiments, the cells were washed again with PBS and then incubated for 2 h with a 
blocking solution [1% (w/v) BSA, 1 mg/mL denatured Herring sperm DNA, and 0.5 µM 
polyT DNA in PBS]. For GFP labeling experiments, the cells were also incubated with 
400 nM of ZR-ELS6-Cat1 in PBS for 2 h. Excess polymer was then removed by washing 
twice with PBS prior to circuit-based labeling. 
Circuit labeling reactions were carried out by incubating the cells for 1.5 h with 
100 nM substrate complex and then washing twice with PBS for 2 min. Dye removal was 
performed similarly using 1 µM fuel. Before imaging experiments, slides were washed 
twice with PBS and then mounted on a glass slide using rubber cement. 
2.2.5. Fluorescence Imaging and Analysis 
All images were collected using a Zeiss Axioplan epiﬂuorescence microscope and 
are contrasted identically in each figure. Correlations between GFP and Cy5-circuit 
 22 
signals and Cy5 signals produced during sequential labeling of cells (ON1 and ON2) 
were analyzed using a custom program written in MATLAB. 
2.3. Results and Discussion 
An illustration depicting our use of entropically driven circuits as imaging probes 
is shown in Figure 2.2. Adopting the nomenclature of Zhang et al. [68], these circuits are 
composed of three main components: a single-stranded “catalyst” strand (C), a three-
strand DNA complex called the “substrate” (S), and a “fuel” strand (F). In the circuit 
reaction cycle, the binding of C to a 6 nucleotide “toehold” domain at one end of S 
initiates a strand displacement reaction that releases an “output” strand (O1) and produces 
an intermediate-state complex (IR) that possesses a new, internal 4 bp toehold domain. 
The binding of F to this toehold then initiates a second strand displacement reaction that 
releases C from the IR complex and produces a “waste” product (W). To convert these 
complexes into imaging probes, catalyst strands can be appended to targeting agents that 
bind to specific molecular markers. The circuit substrates are modified by incorporating 
ﬂuorescent dye (Cy3 or Cy5) and quencher (Iowa Black) molecules that are positioned 
such that the reaction of S with C results in an IR complex that contains an unquenched 
ﬂuorophore. The dye-bearing strand within IR can then be removed from the marker and 
rendered inactive in the waste product by incubation with a modified F strand that carries 
a second quencher molecule. Overall, the use of quenched substrates and waste products 
should reduce background ﬂuorescence resulting from potential nonspeciﬁc binding of 
either complex to a sample. Finally, we note that, in contrast to prior work where C truly 
functioned as a catalyst [68], marker labeling and removal in the present application is 
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achieved by performing partial circuit reactions while using C for targeting. We therefore 
use the term catalyst only for continuity with previous reports. 
 
Figure 2.2 DNA Circuit-Based Marker Labeling and Dye Removal Reactions 
To evaluate the efficiency of the circuit-based labeling and dye removal reactions, 
we first examined distributions of product complexes that were formed upon incubations 
of S and C, as well as S, C, and F via native PAGE-gel analyses (Figure 2.3a). After a 
partial circuit reaction of S with C, the catalyst strand is bound to the IR complex through 
a total of 22 matched base pairs. This complex is therefore stable at room temperature 
and can be isolated on a gel. Yet, the free energy difference between S and IR is small 
(∆G ∼0.4 kcal/mol). As a result, the reaction of S and C, when performed using 
equimolar concentrations, results in an equilibrium distribution of circuit components 
possessing near-equivalent concentrations of S, IR, and free, “unlabeled” catalyst (Figure 
2.3a, lane 5). While this result is not optimal for marker labeling, this reaction can be 
driven forward by adding a second complex (OC1) that consumes (O1) once it is 
liberated from S (boxed reaction in Figure 2.2). As demonstrated in other strand 
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displacement systems [85], the sequestration of O1 shifts the equilibrium distribution of 
the reaction significantly toward the IR state (Figure 2.3a, lane 3). Alternatively, this 
distribution can also be shifted using an excess of S relative to C, which should often be 
the case when labeling catalysts (markers) that are immobilized on a specimen. 
Nevertheless, the ability to drive strand displacement reactions forward through output 
sequestration will likely be useful for optimizing dye labeling kinetics or when local 
target concentrations within a sample are high. 
The removal of dyes from a sample via the reaction of IR and F constitutes an 
equally important step in our marker imaging procedure. Here, the use of three-strand S 
and IR complexes, as opposed to somewhat simpler two-strand complexes, allows dye-
bearing strands to be displaced from the reporting IR complex without output 
sequestration (Figure 2.3a, lane 4), since two strands (C and O2) must react 
simultaneously with final circuit product W for the reverse reaction W + O2 + C → IR + 
F to occur. Hence, the dye removal reaction is effectively irreversible. 
We next performed a series of DNA microarray experiments that were designed 
to evaluate the use of DNA circuit complexes as molecular imaging probes (Figure 2.3). 
In these experiments, amine-modified C strands are arrayed on the surfaces of glass 
slides, and the reaction of S with C produces a ﬂuorescent IR complex that is anchored to 
the slide surface and can be detected using a ﬂuorescence microarray scanner. Analyses 
of arrays where a catalyst was printed at variable spot concentrations confirm that the IR 
complex of the circuit can function as a reliable reporter of the levels of immobilized 
catalyst (Figure 2.3b, top). Here, spot intensity profiles can be approximated by the 
Langmuir adsorption equation, as is commonly found with DNA microarrays [86, 87]. 
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Furthermore, after the same slide is incubated with a fuel strand, each spot disappears and 
cannot be detected over background autoﬂuorescence signals of the slide (Figure 2.3b, 
bottom). 
Our microarray experiments also allowed us to demonstrate the use of DNA 
circuit probes for both multiplexed and reiterative marker labeling. We found that 
immobilized C strands can be labeled with dyes multiple times via sequential reactions of 
arrays with S, F, and then a second solution of S complexes (Figure 2.3c). Each labeling 
reaction produced arrays possessing near identical spot intensities. We also demonstrated 
that multiple C targets could be labeled and/or erased simultaneously using multiple S 
and F complexes in a single reaction step (Figure 2.3d). In these experiments, five 
different C strands were printed both as mixtures of two strands and individually on the 
surface of the slide. The array was then reacted with two different substrate complexes 
(S1-Cy5 and S2-Cy3), yielding a spot pattern that corresponded directly to the positions 
of the printed catalysts (C1 and C2). Subsequently, in a single incubation step, this 
pattern was erased with F1 and F2, and a new spot pattern was generated through a 
reaction with a second set of substrates (S3-Cy5 and S4-Cy3); spotted lanes where C3 
and C4 were printed appear in the scanned image. Throughout this procedure, the fifth 
printed catalyst strand of the array (C5) remains unlabeled in both scanned images. Thus, 
these experiments confirm that DNA circuitry can be used for multiplexed and reiterative 
imaging: two ﬂuorescent dye molecules and two spectral channels of an imaging system 
are used to detect four distinct markers on the same sample. Importantly, all labeling and 
removal reactions in these assays were performed using mild processing conditions 
(room temperature and Tris buffer supplemented with 12.5 mM Mg
2+
). 
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Figure 2.3 Multiplexed and reiterative fluorescence labeling of ssDNA catalyst.  (a) 
Native PAGE-gel displaying DNA circuit reaction products: all components were 
reacted at a concentration of 200 nM. (b) A catalyst microarray possessing a 
gradient of spot concentrations (using 10, 5, 1, 0.5, 0.1, and 0.05 µM stock solutions) 
that was ﬁrst labeled and then erased via the sequential addition of S (top image) 
and a fuel strand (bottom image). Images are rendered as heat maps. Plots of the 
averaged intensity proﬁle of the boxed regions for the labeling (black line) and dye 
removal (red line) reactions are shown. Average spot intensities can be 
approximated by the Langmuir equation (inset, r
2
 = 0.97). (c and d) Reiterative 
labeling of an individual (c) and multiple (d) arrayed catalysts. The reactions 
performed on the arrays are indicated above each image. 
We next performed a series of imaging experiments that show DNA circuit 
complexes can be used to selectively label molecular markers on fixed and permeabilized 
HeLa cells. Background circuit reactivity was first tested by incubating cell samples with 
a quenched S complex (100 nM) for 1.5 h. The resulting images show no discernible 
ﬂuorescence signals and possess signal to background ratios of 1 (Figure 2.4a), implying 
that the substrate complexes have exceptionally low background reactivity with cells. We 
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attribute this property to the high stability of the duplexed substrate complex, the 
enhanced sequence specificity of strand exchange over a classical hybridization 
mechanism [88], and the ability to place dye and quencher molecules in close proximity 
to one another within the substrate complex. 
To label markers on cells, we chose to target the DNA circuit complexes to a 
transfected and expressed green ﬂuorescent protein construct (GFP-ZE) so that circuit 
labeling and dye removal efficiencies could be benchmarked directly against an internal 
standard (Figure 2.4b). The catalyst strand was coupled to the GFP using DNA-
conjugated artificial-protein-based polymers (ZR-ELS6-ssCat) that we have previously 
developed for protein-DNA labeling [84]. These polymers associate with the GFP-ZE via 
a heterodimeric leucine zipper complex (ZE/ZR: KD ∼10-15 M). Thus, after incubating 
GFP-ZE transfected HeLa cells with ZR-ELS6-ssCat and then washing the samples to 
remove unbound polymer, GFP-ZE transfected cells can be labeled by a reaction of a 
circuit substrate complex that carries a Cy5 dye and a quencher. As seen in Figure 2.4b, 
cells that were successfully transfected with GFP-ZE reacted with S to produce 
ﬂuorescent signals in the Cy5 channel of the microscope. While cells that were not 
transfected did not exhibit ﬂuorescence, clear linear correlations are observed between 
GFP-ZE and circuit labeling intensities, yielding a correlation coefficient r = 0.95. 
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Figure 2.4 Selective targeting of an exogenously expressed GFP protein marker.  (a) 
Bright ﬁeld (BF) and ﬂuorescence images of paraformaldehyde-ﬁxed and 
permeablized HeLa cells reacted with a substratecomplex that incorporates a Cy5 
and a quencher (Iowa Black). (b) Circuit-based labeling of GFP-ZE transfected 
HeLa cells. The catalyst is attached to the GFP marker via a DNA-conjugated 
artiﬁcial protein (ZR-ELS6-ssCat) that is introduced postﬁxation. (c) Intensity 
correlation analyses of GFP-ZE and DNA circuit (Cy5) signals. The correlation 
coefﬁcient, r, for the ﬁtted line is 0.95. (Scale bars: 100 m) 
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We also tested whether molecular markers could be labeled multiple times on a 
single sample of cells without loss of ﬂuorescence signal intensities (Figure 2.5). After a 
first round of circuit labeling and imaging, fuel strands were added to remove Cy5 dyes 
from a sample of GFP-ZE transfected cells. As in our microarray experiments, dye 
removal reactions are found to be efficient and yield signal to background ratios of 1. In 
addition, the transfected cells could be labeled and imaged a second time by incubating 
the sample with a fresh solution of substrate. Brightfield imaging showed that a small 
portion of the cells detached from the slide surface during our manual washing and 
coverslip mounting procedures. Nevertheless, GFP and Cy5 signals remain highly 
correlated on a pixel-by-pixel basis after both rounds of ﬂuorescence labeling (r > 0.95). 
Furthermore, strong correlations were found between cell images collected after the first 
and second dye labeling reactions are performed (i.e., between the ON1 and ON2 images 
in Figure 2.5 bottom).  The Cy5 intensities of both images are linearly correlated and can 
be approximated by a line possessing a slope of 1.1. We therefore conclude that the Cy5 
dyes can be coupled to the GFP-ZE markers with near-identical efficiencies through 
sequential rounds of circuit-based labeling. 
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Figure 2.5 Reiterative circuit labeling of GFP-ZE transfected cells.  Sequential 
images of GFP-ZE transfected cells where circuit complexes were used to label 
(ON1), erase (OFF), and relabel (ON2) the same sample of HeLa cells are shown. 
The pixel intensities in both Cy5 images (Cy5/ON1 and Cy5/ON2) are linearly 
correlated; ﬁtted slope = 1.1, r = 0.92. (Scale bars: 100 m) 
2.4. Conclusions 
In summary, we have demonstrated that DNA circuit complexes can be used as 
erasable molecular imaging probes. Here, the sequence-dependent specificity of the DNA 
circuit reactions facilitates multiplexed marker detection. The use of strand displacement 
mechanisms also allows ﬂuorescence reporting complexes to be disassembled, and hence, 
new reporting complexes can be created and used to image additional sets of molecular 
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markers. Importantly, these reactions can be carried out at ambient temperature and in 
mild buffering conditions to minimize potential perturbations to a biological specimen. 
While such capabilities should offer opportunities to increase the number of molecular 
markers that one can examine on a single biological sample via ﬂuorescence microscopy 
by at least a factor of 2 or 3, the next challenge will also be to develop diverse sets of 
molecular targeting agents (e.g., monovalent DNA-conjugated antibodies) that can 
facilitate efficient molecular marker recognition and react with the DNA circuitry 
reliably. Efforts to optimize syntheses of such agents are currently underway. 
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Chapter 3 
Configuring Robust DNA Strand 
Displacement Reactions for in situ 
Molecular Analyses 
The last chapter demonstrated the feasibility of activating and erasing fluorescent 
signals using engineered DNA complexes.  Based on the results of that work, we 
hypothesized that simpler constructs may be capable of recapitulating this function of the 
substrate complexes in Chapter 2.  In addition, smaller complexes may actually function 
better due to their ability to diffuse in and out of cellular environments more easily.  New 
probe designs were therefore designed and evaluated by three main criteria: 1. Probes 
must activate fluorescence quickly and efficiently, 2. Erasing should also occur quickly 
with final signals < 10% of their activated intensity, and 3. Probes should be capable of 
multiplexed labeling and erasing. 
To assess this, a two strand complex was created based upon the same criteria as 
the three-strand entropic circuit designs we previously utilized and tested them using the 
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transfectable GFP fusion system in Chapter 2.  While the two-strand complex enhanced 
the activation reaction, it was unable to erase as efficiently as the three-strand complex.  
We hypothesized that the two-strand erasing had a strong reverse component, slowing the 
overall reaction.  To overcome this, we devised a four-way branch migration scheme for 
two-strand complexes, which would create more “inert” products during erasing.  This 
design was then able to activate and erase efficiently on fixed cell samples, permitting 
multiple activation and erasing reactions simultaneously to detect four unique targets. 
 
This chapter has been adapted from: 
Duose, Dzifa Y.; Schweller, Ryan M.; Zimak, Jan; Rogers, Arthur A.; Hittelman, Walter 
N.; Diehl, Michael R.; Optimized DNA Strand Exchange Reactions for In Situ 
Visualization of Biomarkers. Nucleic Acids Res,, 2012, 40 (7), 3289-3298. 
3.1. Introduction 
Recent advances in the field of DNA nanotechnology have facilitated the creation 
of various dynamic DNA and RNA complexes that can function as programmable logic 
gates [60, 65, 89], chemical amplifiers [71, 90], and reconfigurable molecular structures 
[91, 92]. A key feature of these complexes is that, instead of classical hybridization 
reactions, they can operate via a process called strand displacement – the exchange of 
oligonucleotides possessing partially or fully identical sequences among different 
thermodynamically-stable multi-strand complexes [93] (examples are shown in Figure 
3.1 and Figure 3.2). Using this mechanism, long nucleic acid complexes possessing many 
matched base pairs can be hybridized and dehybridized multiple times at room 
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temperature. Moreover, since strand displacement reactions are sequence dependent and 
tend to be more sensitive to base mismatches than classical hybridization reactions [88], 
different dynamic complexes can be designed to operate independently of one another, 
or, alternatively, integrated into programmable reaction networks that can perform 
complex computations [66, 83, 94]. Such capabilities now offer opportunities to create 
new classes of molecular probe technologies for molecular-cell analyses.  
 
Figure 3.1 Labeling and erasing reactions for two-strand probe constructs. 
 
Figure 3.2 Labeling and erasing reactions for three-strand probe constructs. 
The potential of dynamic nucleic acid complexes for various biological 
applications are beginning to be realized [72, 95, 96]. Engineered RNA hairpin devices 
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have been used as ‘smart’ therapeutic technologies that can selectively react with mutant 
RNA transcripts in vitro, and, in response, produce double stranded RNA polymers that 
trigger cell apoptosis [96]. Multiplexed (5-color) in situ detection of mRNA transcripts in 
fixed zebrafish embryos has also been demonstrated using similar hairpin systems [72]. 
Yet, despite these advances, the translation of dynamic oligonucleotide complexes 
towards such applications remains generically challenging. Most candidate probe 
constructions are first evaluated in a test tube where displacement reactions occur in 
homogeneously-mixed solutions [71, 85, 88]. The environment inside cells is much more 
complex and heterogeneous, and even if samples are fixed and permeabilized, issues 
surrounding the sample penetration and probe dispersion must now be addressed. Other 
environmental factors may also potentially interfere with the strand displacement process, 
and such effects could result in unwanted reverse or side reactions. For example, many 
dynamic DNA complexes are designed to consume a single-stranded input (a target) via 
toehold-mediated strand displacement. Here, a small single-stranded domain (~ 6 bp), 
called a toehold, is used to partially hybridize to the target and accelerate the initiation 
rates of the strand displacement reaction.  Once the composite reaction is completed, a 
new, fully-duplexed complex is produced that is considered to be an ‘inert’ or unreactive 
byproduct since it no longer possesses a single stranded toehold domain. However, 
molecular crowding agents present in cells (e.g., proteins and other biomacromolecules) 
and enhanced concentration effects due to local confinement could potentially accelerate 
non-toehold-mediated strand exchange events between strands within duplexed DNA 
complexes and other unhybridized strands present in the sample [97]. In turn, the 
products formed from a displacement reaction would no long be fully inert. Thus, 
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addressing the unique challenges of detecting biomacromolecules within cells and tissues 
requires characterization of the strand exchange processes within these environments and 
the development of approaches to potentially circumvent these types of problems.   
Our group is interested in developing dynamic DNA complexes that can function 
as reconfigurable (erasable) molecular imaging probes for in situ analyses of proteins 
[95]. These probes harness the strand displacement mechanism to selectively couple 
fluorophore-labeled oligonucleotides to DNA-tagged protein markers on cells. After 
these markers are visualized via fluorescence microscopy, a second strand displacement 
reaction is then performed to strip the dye-bearing strands from the reporting complexes 
that are coupled to the protein targets. With this capability, the total number of proteins 
that can be visualized on an individual sample is no longer limited by the spectral overlap 
of fluorescent dyes since the removal of dyes now allows new sets of protein markers to 
be detected on the same cell or tissue section. For this application, the strand 
displacement reactions driving the labeling and erasing of markers must be selective and 
efficient (high labeling and dye removal yields) to facilitate quantitation of marker levels 
and to ensure residual signals that remain on a sample after an erasing step do not 
compromise subsequent image  analyses of other proteins. As with other probe systems, 
the use of small diffusible probe complexes is likely important to ensure their even probe 
dispersion throughout a sample.  Finally, because individual samples will be inspected 
multiple times, the time required to complete the entire reiterative marker imaging 
procedure should be kept to a minimum. Thus, short marker labeling and erasing reaction 
times are highly desirable.  
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Herein, we evaluate the in situ marker labeling / erasing efficiencies and reaction 
kinetics of three different erasable dynamic DNA probes that contain different numbers 
of component strands and reactive domains. We also compare the labeling and erasing 
performance of probes that react with their target strands via 3-way and 4-way strand 
displacement mechanisms. These analyses indicate that efficient in situ erasing of DNA-
tagged protein targets requires probe constructions that minimize the ability of product 
complexes that are produced during erasure to react with and relabel free ssDNA targets 
within cells via strand exchange processes that are not mediated by a toehold. In 
particular, the avoidance of these processes appears to be important to facilitate the rapid 
diffusion of fluorophore-bearing strands out of the cells and into their surrounding 
medium during erasing reactions. Overall, we find that 3-way strand displacement 
reactions where a single strand liberates two different strands from labeled targets support 
efficient erasing.  Alternatively, fluorescent dyes can be removed efficiently using probe 
designs that exchange nucleotides via 4-way strand displacement processes since these 
reactions produce much more ‘inert’ dsDNA products. While facilitating the optimization 
of probe designs for our application, such information should aid the development and 
implementation of other dynamic DNA systems that are designed for analogous 
biological applications. 
3.2. Materials and Methods 
3.2.1. General 
Oligonucleotides were purchased from Integrated DNA Technologies (IDT). The 
protein target, a recombinant green fluorescent protein, GFP-ZE, was produced using 
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standard cloning and cell transfection procedures. The C-terminal leucine zipper (ZE) is 
used as an affinity tag for DNA labeling. This zipper associates strongly (KD ~ 10
-15
 M) 
with a complementary basic zipper (ZR) that is incorporated into a DNA-conjugated 
artificial protein (ZR-ELS6-ssTS) as a gene fusion [98]. These polymers were produced 
according to previously reported procedures [84]. The GFP-ZE offers some advantages as 
a protein target for the present study since it can be outfitted with ssDNA 
stoichiometrically. The ZR-ELS6-ssDNA polymer is not depicted in Figure 3.1 and Figure 
3.2 for simplicity. 
3.2.2. Probe Design 
Probe sequences - probe complex (PC), eraser (E) and targeting (TS) strands - 
were designed using similar methods to those described in references [95]. All sequences, 
excluding those adopted from Zhang et al. [68], were selected using a custom MATLAB 
script that generates random domains of specified lengths having pre-determined GC% 
range, while excluding previously generated domains or other prohibitive sequences (i.e. 
G quadruplexes), and avoiding secondary structures (e.g. hairpins). The generated 
domains are ranked according to their normalized two-state hybridization energies with 
existing probe strands using mFold [99]. The domains are then screened through the 
BLAST database (http://blast.ncbi.nlm.nih.gov/) to minimize probe sequence homology 
with the mRNA transcriptome. The final domain sequences are then selected manually 
from this list and concatenated with other domains to create full oligonucleotide 
sequences that will be incorporated into a probe complex. Other global criteria such as 
temperature, strand concentration, and salt concentration are specified prior to domain 
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design.  A listing of the oligonucleotide sequences for all complexes can be found in 
Table 3.1. 
3 Strand Probe System (PC3s)* 
Strand Sequence (5ʹ-3ʹ) 
TS CAT TCA ATA CCC TAC GTC TCC ATT TTT TTT TT/AmMC6/ 
Output A (OA) 
CCA CAT ACA TCA TAT TCC CTC ATT CAA TAC CCT 
ACG/IAbRQSp/ 
Output B (OB) CTT TCC TAC ACC TAC GTC TCC AAC TAA CTT ACG G 
Cy5LB-1 
/Cy5/TGG AGA CGT AGG GTA TTG AAT GAG GGC CGT AAG 
TTA GTT GGA GAC GTA GG 
Eraser (E) 
CCT ACG TCT CCA ACT AAC TTA CGG CCC TCA TTC AAT 
ACC CTA CG/IAbRQSp/ 
2 Strand Probe System (PC2s 3-way)* 
TS 
/AmMC6/TTT TTT TTT TCG AGA TGC CTT ACA GTA GGT TGG 
A 
Output A (OA) CGA GAT GCC TTA CAG TAG/IAbRQSp/ 
Cy5_Dye /Cy5/ACG ATG TCC AAC CTA CTG TAA GGC ATC TCG 
Eraser (E) CGA GAT GCC TTA CAG TAG GTT GGA CAT CGT/IAbRQSp/ 
2 Strand Probe System (4-way)* 
TS 
/AmMC6/TTT TTT TTT TCG AGA TGC CTT ACA GTA GGT TGG 
A 
Output A (OA) /IAbRQ/AGA TGC CTT ACA GTA G 
Cy5_Dye ACG AAC TCC AAC CTA CTG TAA GGC ATC T/Cy5Sp/ 
Eraser (E) /IAbRQ/AGA TGC CTT ACA GTA GGT TGG AGT TCG T 
EraserP (EP) ACT CCA ACC TAC TGT AAG GCA TCT 
Table 3.1 List of oligonucleotide sequences used in design of DNA-circuits.  
/AmMC6/ represents an amino modifier; /Cy5/ or /Cy5Sp/ indicate a Cy5 
fluorophore; /Cy3/ or /Cy3Sp/ indicate a Cy3 fluorophore; and /IAbFQ/ or /IAbRQ/ 
represent an Iowa Black Quencher for the green to pink or red spectral ranges, 
respectively 
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Strand Sequence 
2 Strand Probe System2 (PC2s 4-way) 
TS 
/AmMC6/TTT TTT TTT TGT GTA CCG GAA ACA TCG GCG AAT 
TAG 
Output A (OA) /IAbFQ/GTG TAC CGG AAA CAT CGG 
Cy3_Dye CTT GTC AAT TCG CCG ATG TTT CCG GTA CAC/Cy3Sp/ 
Eraser (E) /IAbFQ/GTG TAC CGG AAA CAT CGG CGA ATT GAC AAG 
EraserP (EP) CTA ATT CGC CGA TGT TTC CGG TAC AC 
2 Strand Probe System3 (4-way) 
TS 
/AmMC6/TTT TTT TTT TGG CCA CCG AGA CAA TAC GCA 
GGA CCC 
Output A (OA) /IAbFQ/GGC CAC CGA GAC AAT ACG 
Cy5_Dye CCT TAA GTC CTG CGT ATT GTC TCG GTG GCC/Cy5Sp/ 
Eraser (E) /IAbRQ/GGC CAC CGA GAC AAT ACG CAG GAC TTA AGG 
EraserP (EP) GGG TCC TGC GTA TTG TCT CGG TGG CC 
2 Strand Probe System4 (4-way) 
TS 
/AmMC6/TTT TTT TTT TGA TAT CAA GCT GCT CTG GGT ATG 
C 
Output A (OA) /IAbFQ/GAT ATC AAG CTG CTC T 
Cy5_Dye AAT CCT ATA CCC AGA GCA GCT TGA TAT C/Cy3Sp/ 
Eraser (E) /IAbFQ/GAT ATC AAG CTG CTC TGG GTA TAG GAT T 
EraserP (EP) GCA TAC CCA GAG CAG CTT GAT ATC 
Table 3.1 Cont. 
Fluorophores (Cy3 or Cy5) and quencher molecules (Iowa Black FQ or RQ) were 
incorporated in opposing strands at positions that minimized their intermolecular 
distances in both the probe complexes and their waste products (Figure 3.1 and Figure 
3.2).  For the 3-strand probes (PC3s), this requires that the dye molecule is positioned 
internally within the longer strand of the complex (Figure 3.2). 
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3.2.3. Cell Labeling and Erasing Procedures 
CHO cells were grown on glass coverslips in F12 media supplemented with 10% 
(v/v) FBS.  After 24 hours, the culture medium was replaced and the cells were 
transiently transfected with vector containing the GFP-ZE construct using Fugene 
(Roche) according to the manufacturer’s protocol.  Cells were cultured for an additional 
12 hrs to allow for GFP-ZE production. The cells were then fixed using freshly prepared 
4% (w/v) paraformaldehyde for 30 min.  Activated aldehydes resulting from the fixation 
procedure were quenched using 1 mg/ml NaBH4 for 5 min at room temperature. 
Afterwards, the cells were permeabilized using 0.2% (v/v) Triton X-100, washed twice 
with PBS, and stored overnight a 4 C.   
Prior to cell labeling experiments, the coverslips were rinsed twice in PBS, dried 
under an airstream, and then affixed to custom-fabricated micro-well chambers (10-round 
wells with 0.36 cm
2 
culture area and culture volume of 400 µl) using a precision-cut 
double sided adhesive film. The cells were re-hydrated with PBS prior to the labeling 
procedure. To minimize non-specific binding of the ZR-ELS6-ssTS, cells were first 
blocked for 2 hrs using a solution containing 1% (w/v) BSA, 1 mg/ml Herring Sperm 
DNA and 0.5 M polyT DNA in PBS.  The cells were then incubated with a 400 nM 
solution of ZR-ELS6-ssT for 2 hours, and washed twice with PBS. 
Cell labeling experiments were performed by incubating cells with solutions of 
100 nM probe complexes in TAE buffer supplemented with 12.5 mM Mg
+2
.  Probe 
deactivation / erasing reactions were performed using 1 M of the eraser strands (Es) or 
complexes (Ec). All cell labeling / erasing reactions were carried out for 2 hours at 30º C 
using a rotating incubator shaker (200 rpm), except for the kinetic experiments where the 
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reactions were performed directly on the microscope at room temperature and without 
shaking.  
Cells were imaged using an inverted Nikon microscope outfitted with a 40x 0.95 
N.A. objective, electronic shutters, and a 14-bit depth EMCCD camera (LucaR; Andor 
South Windsor, CT). A mechanical transitions stage and electronic focusing mechanism 
was used to collect 5-10 different image fields for each sample.  Images were processed 
using Nikon (NIS image) or ImageJ software, and are presented as heat maps since this 
rendering enhances the contrast of low-level, remnant fluorescence signals within the 
‘erased’ images. Average cell intensities were determined using an algorithm in NIS 
image that marks the boundary of a selected cell and calculates the average pixel intensity 
within that region. 
3.3. Results and Discussion 
One of the goals of this study is to define simple probe designs containing a 
minimal number of component strands that can function effectively as erasable molecular 
imaging probes. Since this capability allows fluorophores to be removed from a sample 
and then the same color dyes to be reused to label new proteins, this functionality should 
facilitate more comprehensive biomarker analyses where multiple sets of proteins are 
visualized on the same cell or tissue samples. Due to the spectral overlap of fluorescent 
dye molecules, the number of markers that can be visualized using fluorescence 
microscopy and permanently stained samples is typically limited to three to five proteins. 
However, this number can be at least doubled using our reiterative labeling and erasing 
procedure, and hence, one could detect at least 6-10 proteins using standard, 3-5 color 
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fluorescence microscopy procedures, while avoiding the use of temperature, bleaching, 
caustic chemicals to remove dyes from sample. Moreover, several spectral deconvolution 
microscopy approaches have been developed that offer opportunities to increase the 
number of markers that are detected during a single round of fluorescence microscopy. 
Combining this capability with our reiterative labeling techniques could therefore 
facilitate even more extensive in situ analyses of protein markers. 
Our previous report showed that a class of 3-strand DNA complexes (PC3s) that 
have been previously integrated into catalytic networks [68] can also function effectively 
as erasable molecular imaging probes, providing linearly-correlative labeling intensities 
and efficient > 95% dye removal [95]. Despite this success, we believe our application 
would benefit from the development of somewhat smaller, 2-component probe 
complexes that incorporate terminal (3ʹ or 5ʹ) dye molecules instead of the internal dyes 
in our prior design.  There was concern that the internal dye placement could potentially 
interfere with the strand-displacement process and restrict the types of dyes that can be 
incorporated into a probe. To address this issue, we created several DNA probe 
complexes composed of two partially complementary DNA oligonucleotides (PC2s; 
Figure 3.1). The marker labeling and erasing reactions for the original 3-strand 
complexes are illustrated in Figure 3.2.  In both cases, the probes react with their ssDNA 
targets (TS) via toehold-mediated strand displacement to produce a fluorescent reporting 
complex (IR) containing an unquenched fluorophore. As a result, molecular targets that 
are conjugated with TS can be visualized using fluorescence microscopy. Analogously, 
the fluorescent reporting complexes (IR2s and IR3s for the 2- and 3-strand probes 
respectively) can be displaced using a single-stranded eraser oligonucleotide (E). In 
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principle, the quenched waste product (W) of this reaction can then be washed off the 
sample. Of note, the strand displacement in the labeling and erasing reactions of each 
probe system proceed via a 3-way branch migration process [100], where ssDNA 
components displace one another. 
The present PC2s probes contain three distinct domains (Figure 3.1): an 18 bp 
domain that is completely hybridized (domains 1 / 1*) and two 6 bp toehold domains that 
are positioned adjacent to one another at one end of the complex (domains 2* and 3*). 
Reporting complexes of the PC2s system are formed through a toehold-mediated 
exchange reaction that is initiated by binding of the probe complex to domain 2 of the TS 
strand. However, unlike the 3-strand complexes whose reaction is completed by the 
release of an output strand from a second toehold domain (output A releases from domain 
3 in Figure 3.2), the PC2s probes were designed so that TS displaces the output strand 
(output A) within PC2s completely during the marker labeling reaction. Similarly, the IR2s 
reporters are disassembled / erased through a displacement reaction where an eraser 
strand (E) binds to toehold 3* on IR2s and then displaces the TS completely from the 
reporting complex. Since neither reaction require the dehybidization of a toehold domain, 
the forward reactions during marker labeling and erasing both result in the accumulation 
of 6 additional matched bps. This design was originally chosen so that each reaction 
would be energetically favorable. Additionally, since the release of outputs from toehold 
domains could potentially lower probe-target strand exchange rates, we generally 
expected that this feature would accelerate our labeling and erasing reactions. 
Another important distinction between the PC2S and PC3s probes is that their 
erasing reactions produce different numbers of products. For the 3-strand probes, the 
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marker erasing involves a reaction where E binds to a 4 bp domain in IR3s and then 
displaces two strands (output B and TS) from the reporting complex. Thus, even though 
this reaction results in a net loss of 2 matched bps in the system, there is an increase in 
configurational entropy as the reaction proceeds forward [68]. An important consequence 
of this design for our application is that reverse (relabeling) reactions can only occur if 
both B and TS bind to W simultaneously.   
Finally, in an attempt to drive each reaction to complexion, our protein labeling 
and erasing reactions all use relatively high concentrations of E (1 M) relative to TS (~2 
nM in the total reaction volume). Thus, so long as the reactions of probes with their 
targets mimic the behavior one would expect in a homogenously-mixed solution at these 
concentrations, each probe reaction should be able to reach an equilibrium distribution 
where the vast majority of the TS strands (>>95%) were either incorporated into an IR 
complex, or erased. In principle, such behavior should support efficient labeling and 
erasing. 
To evaluate the labeling and erasing performance of the PC2s and PC3s probes, we 
performed two sets of in situ cell imaging experiments where expressed GFP proteins 
within fixed and permeabilized CHO cells were first outfitted with TS strands using an 
ssDNA-artificial protein conjugate and then reacted with either 2- or 3- strand probe 
complexes that incorporate Cy5 fluorophores (Figure 3.3 and Figure 3.4). In each case, 
labeling intensities were evaluated after the probes were allowed to react for a period of 2 
hours. For practical purposes, reactions will likely need to be completed within a short 
time frame to implement our reiterative marker imaging technique. 
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Figure 3.3 Labeling and removal of Cy5 fluorophores from protein markers via 
strand displacement reactions of a two-strand probe complex (PC2s). (A) Selective 
labeling of expressed GFP proteins in CHO cells. The images display a strong 
correspondence between the GFP and two-strand probe (Cy5) signals; pixel 
intensities of the GFP and Cy5 signals are linearly correlated (r
2
=0.94). However, 
OFF signal intensities indicate ~20% of active Cy5 dye remains on the cells after the 
erasing reaction. (B) Pixel intensities for cross section indicated in the probe images 
in A for both the ON and OFF states of the cells. (C) Histogram of the average Cy5 
signal intensities for the ON and OFF states of 20 cells. Cells are grouped based on 
their GFP whole-cell fluorescence intensities (low, medium and high levels 
correspond to 2000–5500, 5500–10000 and 10000–15800 intensity units, 
respectively). (Scale bars: 20 m) 
 47 
 
Figure 3.4 Labeling and removal of Cy5 fluorophores from protein markers via 
strand displacement reactions of a three-strand probe complex (PC3s). (A) Selective 
labeling of expressed GFP proteins in CHO cells. The OFF reactions are now 
efficient, and yield a signal (cell intensity) to background (slide surface intensity) 
ratio of 1.08.  The ratio of labeled/erased probe intensities, or ON/OFF ratio, is 28.6. 
This result is reflected in (B) pixel intensities for cross sections as well as (C) 
histogram of average, whole-cell Cy5 signal intensities for 20 cells in their ON and 
OFF states. (Scale bars: 20 m) 
Comparisons of GFP and Cy5 signals produced after a labeling reaction show that 
both types of probes can selectively couple fluorophores to DNA-conjugated proteins on 
cells. In each case, intracellular distributions of the GFP molecules (e.g., nuclear - 
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cytoplasm signal ratios) are reproduced, while the cells that were not transfected in the 
sample are not labeled. Yet, despite their similar protein labeling performance, the 
erasing reaction of the PC2s probe system (Figure 3.3) is found to be much less efficient 
than the PC3s system (Figure 3.4). Here, the erasing reaction that disassembles the 2-
strand IR2s reporter results in residual Cy5 signals that range from 20 to 30% of the signal 
amplitudes produced by the prior marker labeling reaction, yielding an average ON/OFF 
ratio of 3.14. Furthermore, these unwanted ‘OFF-state’ signals are positively correlated 
with ‘ON-state’ Cy5 intensities (Figure 3.3C, inset). The erasing performance of the 3-
strand complex is much better (Figure 3.4). As in our prior work [95], ‘OFF-state’ signals 
with the 3-strand complexes can barely be detected over background autofluorescence of 
the unlabeled cells (‘OFF’-signals are only 1-3 times the RMS noise of the slide 
background), and average ON/OFF ratios are much higher (26.8). Thus, of the two 
different probes systems evaluated above, only the 3-strand systems can function 
effectively as an erasable molecular imaging probe, suggesting that for 2-strand 
complexes, 3-way displacement reactions are insufficient for dye removal and erasing. 
We next characterized the in situ marker labeling and erasing kinetics of the PC2s 
and PC3s systems by monitoring the rates that probe (Cy5) signals colocalized to, and 
then are removed from, expressed GFP molecules that are labeled with single TS strands 
via a DNA-conjugated protein polymer (Figure 3.5). For these analyses, cells were 
imaged every 5 minutes during the marker labeling / erasing procedures. Analyses of 
probe intensities show that TS-tagged GFP proteins are labeled rapidly by the 2-strand 
probes, and that probe signals saturate within 20 min, even for the cells possessing the 
highest GFP expression levels. The PC3s labeling reactions were somewhat slower than 
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the PC2s reactions, indicating that the release of the output strand from domain 3* in IR3s 
and the accumulation of 2 instead of 6 base pairs during this forward reaction affects the 
rates that markers are labeled. Nevertheless, Cy5 intensities reached their plateau levels 
in less than 1 hour, except for the very brightest cells within the sample, and are linearly 
correlated with the GFP intensities on a pixel-by-pixel basis, as was the case in our prior 
report [95]. Thus, so long as the PC3s probes are allowed to react for a sufficient period of 
time, both probe complexes can support efficient (relatively fast and proportionally 
correlative) marker labeling. Yet, Figure 3.5 also shows there are significant differences 
in the erasing kinetics of these systems. Although Cy5 fluorescence intensities decrease 
rapidly after the initial addition of eraser strands (E) in both cases, the PC2s system erases 
more slowly than the PC3s system. In addition, the PC2s erasing reaction slows 
appreciably after a period of ~20 minutes, and significant Cy5 signals remain on the 
sample after the full 2-hour incubation period. It is our experience that > 12 hour 
incubations are necessary to achieve significantly lower fluorescent levels.  In contrast, 
fluorescence intensities drop rapidly to a value that is less than 5-10% of their ON-state 
values within minutes during the reaction of E with 3-strand IR3s complex. 
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Figure 3.5 Kinetics of DNA strand displacement reactions on fixed cells. (A) 
Labeling and erasing reactions of a two-strand probe complex (PC2s). Each curve 
represent the average intensity of an individual cell within the sample. The erasing 
reactions are inefficient and significant signals remain on the sample even after a 2-
h incubation period. (B) Labeling and erasing reactions of a three-strand probe 
complex (PC3s) showing rapid and efficient erasing. The arrows in each plot indicate 
the time point where the labeling reactions were stopped and the erasing reactions 
were initiated. 
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To gain further insight into the difference between the erasing behaviors of the 
PC2s and PC3s probes, we repeated the in situ kinetics experiments using eraser strands 
that do not contain quencher molecules (Figure 3.6). With this modification, duplexed IR, 
W complexes, and other unidentified intermediates should all produce fluorescence 
signals if they remain bound to their targets or trapped within the cells during the erasing 
reaction. As shown in Figure 3.6B, the kinetic curves measured for unquenched 3-strand 
erasing reaction (IR3s + E  W + output 2) are very similar to the original plots in Figure 
3.5B. We therefore conclude that W is able to release from the 2* toehold domain within 
TS during the erasing reaction. The lack of persistent fluorescence in this setting rules out 
the possibility that the dye molecule remains tethered to the GFP target but is quenched 
by an interaction with E. The rapid drop of Cy5 signals during the erasing reaction in the 
3-strand reporter complex setting suggests that the released W complex can freely diffuse 
out of fixed cells. In contrast, removing the quencher from reactions of 2-strand reporter 
complexes IR2s with E results in appreciable remnant Cy5 signals on GFP transfected cells 
due to incomplete erasing (Figure 3.6A).  In fact, the residual Cy5 signal remaining on 
the sample during the erasing reaction (“OFF-state”) is nearly 75% of that seen for in the 
“ON-state”. 
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Figure 3.6 Erasing kinetics using eraser strands (E) that do not incorporate 
quencher molecules. (A) Erasing reactions of a two-strand complex (PC2s) showing 
appreciable (~75%) residual signals. (B) Erasing reactions of a three-strand 
complex PC3s. 
 53 
Experiments where the quencher is removed from E suggests that the W 
complexes are kinetically trapped within the cells’ volume and do not diffuse beyond the 
cell boundary within this time period. This behavior is somewhat surprising given the 
high E concentrations (1 M) and reaction volume (100 L) used for the erasing 
experiments. With such an excess of E relative to the total number of IR2s reporting 
complexes on the cells, there should be a strong driving force to push the erasing reaction 
forward. However, given the compartmentalization of the GFP targets within the cells, 
the local concentration of TS and W can be quite high: 1,400 – 15,000 GFP/m3 or 25 – 
250 M according to GFP intensity analyses. Thus, high local target concentrations could 
serve to drive the reverse (relabeling) reaction (W + TS  IR2s + E). Of note, the 
analogous reverse reaction (IR2s + output A  TS + PC2s) could be affecting the marker 
labeling step. Yet, the probe labeling intensities appear to saturate rapidly (< 30 min) and 
still yield marker intensities that are linearly correlated with GFP levels. 
The in situ kinetic analyses of the PC2sC erasing reactions with and without 
quencher in Figure 3.5A and Figure 3.6A indicate that, while significant numbers of IR2s 
reporters remain on the cells after 2 hour incubations, fluorescently active W complexes 
are also somehow trapped within the cells. Because TS does not release from the waste 
complex via toehold dehybridization in this reaction (TS is displaced completely from the 
complex), we attribute that majority of the signal intensities present in Figure 3.5A to 
fluorescently-active W complexes as opposed to an unidentified, metastable intermediate-
state complex.  Importantly, we also find that TS-labeled GFP proteins can be selectively 
labeled using in situ reactions where the cells are simply incubated with a quenched W 
complex (Figure 3.7). This would suggest that the W complex can directly bind to the TS 
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strand and become fluorescently activated through a non-toehold mediated exchange of 
oligonucleotides. Thus, it appears that in the 2-strand reporter setting (but not in the 3-
strand reporter setting), there may be some reverse (relabeling) reactions occurring during 
the erasing reaction resulting in a decreased diffusion rate of the W complex from the 
cell.  
 
Figure 3.7 Labeling of DNA-tagged GFP proteins through non-toehold mediated 
exchange via a reaction of TS with a quenched W complex as a probe. The 
concentration of the W complex was 200 nM, and the reaction was performed 
without adding E to the reaction mixture. 4-way branch migration reactions 
facilitate efficient signal erasing. (Scale bars: 50 m) 
An important consequence of non-toehold-mediated exchange reactions is that 
they can influence the effective, diffusive mobilities of oligonucleotides and DNA 
complexes within cell samples. Through this reaction, strands containing the fluorophores 
will interact transiently with multiple immobilized TS strands as they diffuse towards the 
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cell boundary. These interactions can therefore lower the rates at which the fluorophore 
containing strands are released from the sample. While this effect limits removal of dyes 
from cell samples during our marker erasing procedure, analogous reverse and side 
reactions could potentially influence abilities to integrate the reactions among different 
dynamic DNA complexes for other biological detection applications. Nevertheless, the 
analyses of the 3-strand probe complexes (PC3s) indicate these issues can be mitigated 
using probe designs where the reaction of a probe with its DNA target is entropically-
favorable and two output strands are produced by the reaction. In the case of the 3-strand 
probe complexes, both outputs must bind to the W complex simultaneously in order to 
produce a fluorescently active complex that is stably bound to TS. As a result, W 
complexes are less likely to reassociate with TS and can more readily diffuse out of the 
cells. Alternatively, efficient marker erasing can be achieved using probes that react via 
4-way branch migration processes. This mechanism produces two fully-duplexed waste 
products instead of only one, and hence, both products are much less likely to exchange 
their strands, but also, should be less reactive towards other oligonucleotide complexes 
present within cells. While such control has allowed our group to create a series of 
erasable imaging probes that facilitate the reiterative labeling of cell samples, overall, we 
anticipate these adaptations will be generically important to the development of other 
probe technologies that harness the unique functionalities of dynamic DNA complexes. 
With the hypothesis that non-toehold-mediated exchange of oligonucleotides 
between W and TS complexes reduces the erasing performance of the PC2s probes 
systems, we next tested whether a fully-erasable probe composed of only two different 
strands could be created that exchange nucleotides via 4-way [101] as opposed to 3-way 
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strand displacement mechanisms.  To do so, the original 2-strand complexes were 
modified such that they still bind the same TS sequence, but leave a second 2 bp toehold 
unhybridized within the IR complex (domain 4 in Figure 3.8A). As a result, while the 
labeling reaction proceeds near-identically to that of the original PC2s systems, the 4-way 
branch migration processes of the erasing reaction now produces two reaction products 
that are fully duplexed (i.e., TS is incorporated into a duplexed complex after the 
reaction).  In this case, probe erasing rates and efficiencies are quite similar to those of 
the 3-strand complexes. Measured ‘OFF-state’ intensities and reaction rates are now very 
close to those of the PC3s system (Figure 3.8B and Figure 3.8C).  Thus, 4-way branch 
migration reactions can be used as an alternative to the multi-strand release in the PC3s 
systems in order to create more efficient erasable probes. 
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Figure 3.8 Labeling and removal of Cy5 fluorophores from protein markers using 
the two-strand probe complex that exchanges via a four-way branch migration 
process. (A) A scheme depicting the modified erasing reaction. (B) Selective labeling 
and erasing of expressed GFP proteins in CHO cells. (C) Pixel intensities for cross 
sections indicated in (B). (D) Kinetics of DNA strand displacement reactions on 
fixed cells showing that four-way branch migrations facilitate efficient marker 
erasing. (Scale bars: 20 m) 
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To further evaluate the utility of the 4-way branch migrations for marker erasing, 
we also labeled expressed GFP-ZE with mixture of four different DNA conjugates in a 
single incubation step at approximately equal molar concentrations (Figure 3.9). The cells 
were then reacted simultaneously with two probes that couple Cy3 and Cy5 dye 
molecules to the GFP targets bearing the TS1 and TS2 strands. In a single incubation 
step, these two dyes can be removed from the sample using the 4-way displacement 
mechanism, yielding average ON/OFF ratios that are > 10:1.  Subsequently, two new 
complexes can be used to label GFP molecules coupled to the TS3 and TS4 targets in a 
second round of marker labeling. After this step, the probe Cy3 and Cy5 signals reappear 
at levels that are similar to those produced in the first labeling step.  The second labeling 
produced Cy3 and Cy5 signals were 60% and 120% of their corresponding ON-state 
values (note: the dyes are now coupled to different TS strands on the sample; some of this 
variability can come from differences in the concentrations of the conjugated polymers 
used to couple the 4 different TS strands to the GFP target). Importantly, ‘OFF’-state 
signals of the cells only constitute 2 – 6 % of the measured ‘ON’-state signals produced 
by the second labeling reaction, and, hence, contribute little to the signals generated after 
the second set of TS markers were labeled. These experiments therefore indicate the 4-
way displacement mechanism can be used to create multiple erasable probes that can be 
used to label multiple sets of markers with the same color dyes, or even to perform 
replicate measurements using different probes for standardization purposes. 
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Figure 3.9 Multiplexed (multi-color) and reiterative (sequential) labeling of four 
different TS strands coupled to the GFP-ZE targets at equimolar ratios. The scheme 
at the left depicts the labeling steps for each set of probe images. (Scale bars:50 m) 
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3.4.  Conclusions 
The ability to control the exchange of nucleotides among different dynamic DNA 
complexes offers opportunities to create new classes of molecular-cell detection and 
imaging probes that are reconfigurable, adaptive, and that can perform complex logic 
functions. This detailed characterization of strand displacement reactions within cellular 
environments allowed the optimization of probe designs for future applications. By 
comparing the efficiencies and rates that different dynamic DNA -complexes can 
exchange strands within fixed cell samples as they undergo chemical reactions that either 
selectively couple (label) or remove (erase) oligonucleotides bearing fluorescent dye 
molecules to and from DNA-tagged proteins. 
This work suggests that while our original 3-strand probe complexes effectively 
behaved as reiterative labeling complexes, they may not be the optimal design.  In 
addition, half-complexes such as the two-strand complexes are not sufficient when simple 
three-way strand exchange mechanisms are employed.  Therefore, small two-strand 
complexes which undergo four-way branch migration reactions are optimal for the 
reiterative labeling of fixed cell samples. 
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Chapter 4 
Multiplexed in situ 
Immunofluorescence via Dynamic 
DNA Complexes 
Our past efforts effectively characterized and optimized the reactive DNA probe 
designs for in situ molecular analyses.  We hypothesized that our probes should, 
therefore, be capable of being applied directly to immunofluorescence imaging 
techniques.  Using target strand-labeled secondary antibodies we wanted to: 1. 
Recapitulate images generated using dye-labeled secondary antibodies, 2. Show the 
ability to reiteratively label and erase cellular markers with a single fluorophore, and 3. 
Multiplex this capability and demonstrate compatibility with standard 
immunofluorescence reagents. 
To accomplish this, we describe a method to reproducibly conjugate target strands 
to secondary antibodies, which retain their ability to recognize their antigen.  We then 
stained the microtubules and demonstrated to erase signals to < 10% of their original 
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intensity, allowing a second marker to be activated using the same fluorescent channel.  
Furthermore, we multiplex this ability to three marker detection, erase the signals, and 
detect a second set of markers using fluorophore labeled primary antibodies and 
phalloidin. 
Furthermore, these DNA probes are a platform imaging technology that could be 
easily incorporated into more complex fluorescence microscopy settings such as super-
resolution [102].  Finally, these activation and erasing reactions represent some of the 
most basic functions that can be performed through strand exchange mechanisms. DNA-
based materials have been used to self-assemble complex structures [103] as well as 
perform logic [60], indicating future potential for strand exchange mechanisms in various 
immunoassays. 
4.1. Introduction 
Dynamic DNA complexes are a relatively new class of DNA technologies that 
can be designed to function as reconfigurable molecular machines [64, 82], detectors 
[104, 105], programmable logic gates [59, 60, 106], and chemical amplifiers [63, 68, 71].  
A unique feature of these devices is that, instead of thermodynamically-driven DNA 
hybridization reactions, they can harness a process called DNA strand displacement to 
facilitate the exchange of oligonucleotide strands among different thermodynamically 
stable DNA complexes to gain kinetic control over the assembly and disassembly of 
intermediate and product complexes of a chemical reaction [85].  While improved 
understanding of these processes now provides unique opportunities to program chemical 
reactions networks for molecular computing applications [65-67], a number of important 
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biological applications for these devices have also emerged. Dynamic nucleic acid 
devices have been adapted for in situ hybridization analyses of mRNA expression [72], 
and designed to function ‘smart’ therapeutic devises that can trigger cell death in the 
response to the detection of disease-associated transcripts [96].  The use of DNA 
complexes as molecular delivery vehicles has also been explored [107].  Overall, such 
advances suggest dynamic oligonucleotide complexes can be engineered to function 
robustly within complex cellular environments, and can offer abilities to both increase the 
number and complexity of measurements that can be performed in an assay and introduce 
new computing functionalities that are not possible using existing probe technologies. 
Herein, we demonstrate that dynamic DNA complexes can react selectively with 
DNA-conjugated antibodies to facilitate multiplexed (multi-color) and reiterative 
(repetitive) in situ immunofluorescence analyses of proteins within individual cells. For 
this application, the strand displacement mechanism is used both to create 
thermodynamically-stable fluorescent reporting complexes that localize to their 
respective protein target, and to disassemble these complexes so their dye molecules can 
be removed from cells and used in separate displacement reactions to label additional 
proteins (Figure 4.1). This capability is important for various molecular-cell studies since 
it provides a simple, non-destructive, route to increase the number of molecular pathway 
components that can be visualized within the same cells using fluorescence microscopy. 
Such analyses are typically limited by the spectral overlap of the fluorophores used for 
immuno-staining, and generic inability to remove fluorescent antibodies from a sample 
without employing harsh chemical reagents that can perturb cell morphology and marker 
antigenicity. Hyperspectral imaging approaches are available that can roughly double the 
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number of markers that can be imaged simultaneously over conventional methods [108], 
but further increases have been minimal due to increasing noise and decreasing dynamic 
range that typically accompanies the integration of additional dye molecules into an 
immunofluorescence assay [109, 110].  Yet, much more comprehensive proteomic 
analyses can be performed if cell samples can be labeled, imaged and erased multiple 
times with or without these advances. Finally, the displacement reactions that are 
incorporated into the present DNA probe systems constitute elementary components of 
various programmable chemical networks that have been designed to perform more 
complex detection functions. Characterizing their ability to interface with immuno-
targeting procedures is therefore generically important to the use of such chemical 
systems for molecular-cell analyses. 
 
Figure 4.1 Using dynamic DNA complexes, fluorescent markers can be sequentially 
activated and erased multiple times on a single sample to label multiple sets 
proteins.  Fluorescent signals can be turned ON through the addition of a probe 
complex (PC) and turned OFF upon incubation with an eraser (E). 
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4.2. Materials and Methods 
4.2.1. General 
Goat anti-rabbit (cat# A10533) and anti-rat (cat# A10536) secondary antibodies 
and phalloidin-Alexa532 were purchased from Invitrogen.  Goat anti-chicken secondary 
antibody, rabbit anti-histone complex H3 (cat# ab1791) and rat anti--tubulin (cat# 
ab6160) were purchased from Abcam (Cambridge, MA).  Rabbit anti-KLC4 (cat# 
HPA030169) and FITC-conjugated mouse anti-Vinculin (cat# F7053) were obtained 
from Sigma (St. Louis, MO). Alexa647-conjugated mouse anti-WASP (cat# sc-13139 
AF647) was purchased from Santa Cruz Biotechnology (Santa Cruz, CA).  
Oligonucleotides were purchased from IDT, dye and quencher-bearing strands were 
purchased with HPLC purification.  Images were collected with a 14-bit depth CCD 
camera (Luca, Andor) on a Nikon Ti Eclipse epi-fluorescence microscope with an 
automated stage and focus, using a 60x oil immersion plan-Apo objective.DNA Circuit 
Design and Characterization 
4.2.2. DNA Probe Design 
All sequences were selected using a custom MATLAB script that generates 
random domains of specified lengths having pre-determined GC% range, while excluding 
previously generated domains or other prohibitive sequences (i.e. G quadruplexes), and 
avoiding secondary structures (e.g. hairpins). The generated domains are ranked 
according to their normalized two-state hybridization energies with existing probe strands 
using mFold. The domains are then screened through the BLAST database to minimize 
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probe sequence homology with the mRNA transcriptome. The final domain sequences 
are then selected manually from this list and concatenated with other domains to create 
full oligonucleotide sequences that will be incorporated into a probe complex. Other 
global criteria such as temperature, strand concentration, and salt concentration are 
specified prior to domain design.  All oligonucleotide sequences can be found in the 
supplement (Table 4.1). 
Strand Sequence (5ʹ-3ʹ) 
RQ GAT GCG AAG TCA GCG TTC/3IAbRQSp/ 
FQ CGT AAT AGC GCT AGT CTC/3IABkFQ/ 
TS1 
/5Hexynyl/TTT TTT TTT TGG CCA CCG AGA CAA TAC GCA 
GGA CCC 
TS2 
/5Hexynyl/TTT TTT TTT TGT GTA CCG GAA ACA TCG GCG 
AAT TAG 
TS3 
/5Hexynyl/TTT TTT TTT TGC CAT CGA CCC GTG CAT TAA 
GTG TCC 
TS4 
/5Hexynyl/TTT TTT TTT TAC CTA CGG TCT CCG GAA CTT 
ACG ATC 
D1 /5Cy3/CTT GTC AAT TCG CCG ATG TTT CCG GTA CAC 
L1 
GTC GGA AAC ATC GGC GAA TTT TTT TTG AGA CTA GCG 
CTA TTA CG 
K1 
GTG TAC CGG AAA CAT CGG CGA ATT GAC AAG GAG ACT 
AGC GCT ATT ACG 
D2 /5Cy5/CCT TAA GTC CTG CGT ATT GTC TCG GTG GCC 
L2 
GTC GAG ACA ATA CGC AGG ACT TTT TTG AAC GCT GAC 
TTC GCA TC 
K2 
GGC CAC CGA GAC AAT ACG CAG GAC TTA AGG GAA CGC 
TGA CTT CGC ATC 
Table 4.1 List of oligonucleotide sequences used in design of DNA-circuits.  
/5Hexynyl/, /5Cy5/, /5Cy3/, /5Alexa488/, /3IAbRQSp/, /3IABkFQ/ indicate a 5ʹ 
hexynyl, Cy5, Cy3, Alexa488, 3ʹ Iowa Black re quencher, or Iowa Black green 
quencher modification, respectively. 
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Strand Sequence (5ʹ-3ʹ) 
D3 
/5Alex488N/TT TCT CAT AAC ACT TAA TGC ACG GGT CGA 
TGG C 
L3 
CTG ACC CGT GCA TTA AGT GTT TTT TTT TTG AGA CTA 
GCG CTA TTA CG  
K3 
GCC ATC GAC CCG TGC ATT AAG TGT TAT GAG TTT TTT 
GAG ACT AGC GCT ATT ACG 
D4 /5Cy5/TT TGC AAA GTC GTA AGT TCC GGA GAC CGT AGG T 
L4 
GTG GTC TCC GGA ACT TAC GAT TTT TTT TTT TTG AAC 
GCT GAC TTC GCA TC 
K4 
ACC TAC GGT CTC CGG AAC TTA CGA CTT TGC TTT TTT 
GAA CGC TGA CTT CGC ATC 
Table 4.1 Cont. 
4.2.3.  Preparation of Antibody-Oligonucleotide Conjugates 
Secondary antibodies (20 g) were incubated with NHS-(PEO)4-Azide (20 mol 
in anhydrous DMSO, Thermo Scientific Pittsburgh, PA) in 100 mM NaHCO3 at room 
temperature for 45 minutes.  Following purification via gel filtration using a Tris-
buffered Bio-Spin 30 column (Bio-Rad Hercules, CA), hexynyl-modified oligonucleotide 
were added and a Cu(I) catalyze click reaction was performed using the Click-It Reaction 
Buffer Kit (Invitrogen) according to the provided protocol.  The reaction was incubated at 
room temperature for two hours then moved to 4º C overnight.  The resulting DNA-
functionalized antibodies were purified once more using gel filtration.  Conjugation was 
verified with non-reducing SDS-PAGE (Figure 4.2). 
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Figure 4.2 Verification of Antibody-DNA conjugation.  A. Scheme of labeling 
reaction using Cu(I) mediated click chemistry.  B. Brilliant blue and C. Stains-All 
stained SDS-PAGE gels of the reaction products:  Lane 1: Protein standard, 
SeeBlue2 (Invitrogen); Lane 2: Reacted DNA-Antibody conjugation product; and 
Lane 3: Control DNA-Antibody conjugation product. 
4.2.4. Cell Culture and Fixation 
HeLa cells were cultured in Dulbecco’s Modified Eagle Media (DMEM) with 
GlutaMAX (Invitrogen) supplemented with 10% (v/v) fetal bovine serum (FBS) and 100 
U/mL Pen/Strep at 37º C with 5% CO2.  Cells were seeded on cover glass (no. 1.5) and 
grown to 50-60% confluency prior to fixation. Cells were fixed in freshly prepared 4% 
(w/v) paraformaldehyde.  Samples were then rinsed with PBS and quenched with NaBH4 
(1 mg/mL in PBS).  The samples were washed with PBS, permeabilized with 0.2% (v/v) 
TritonX-100, and washed once more.  Cover slips were dried under airstream, then 
affixed to custom-fabricated 10 well chambers using precision cut double sided adhesive 
and stored in buffer at 4º C for up to one week. 
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4.2.5. Analysis of Probe Erasing 
Samples were blocked 2% (w/v) BSA, 1 mg/mL Herring sperm DNA, and 0.5 
M polyT DNA in PBS, pH 7.4 (buffer BB) for 2 hrs.  Rat anti--tubulin (1:250) was 
incubated on samples overnight at 4º C in PBS supplemented with 10% (v/v) buffer BB 
(PBS-BB).  Cells were washed 3 times with PBS, followed by a 2 hr incubation with an 
oligonucleotide-conjugated (TS1, TS2, or TS3) goat anti-rat secondary antibody at 10 
g/mL in PBS-BB.  Cells were then washed 3 times with PBS and probe complex was 
added to the cells for 2 hours at 100 nM in TAE containing 12.5 mM Mg
2+
 and 10% (v/v) 
buffer BB (TAE-BB), stained with DAPI (1.3 M), and washed an additional 3 times 
with PBS.  Erasing complexes were then applied to the cells at 1 M in TAE-BB, and 
allowed to react overnight (~12 hrs) at room temperature.  Cells were stained again with 
DAPI then washed 3 times with PBS.  Images were collected between reactions steps.  
After alignment and background subtraction, initial ON images was used to generate a 
thresholded mask, eliminating pixels with intensity less than 2500.  The ON/OFF ratios 
of these regions (> 400 regions were generated for each image) was then measured 
directly by comparing pixel intensities of the initial ON values to the OFF images. 
4.2.6. Two Marker/One Dye Imaging 
Samples were treated as in erasing experiments with minor modifications.  Cells 
were blocked with buffer BB and incubated overnight with antibodies towards -Tubulin 
and Histone H3 or -Tubulin and KLC4 in PBS-BB.  Samples were washed with PBS, 
then TS1 conjugated goat anti-rat and TS4 conjugated goat anti-rabbit were added to the 
samples at 10 g/mL in PBS-BB for 2 hours.  -Tubulin was activated with 100 nM 
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probe complex and erased with 1 M eraser complex in TAE-BB followed by the 
activation of the second marker (100 nM probe complex).  Images were taken in between 
reaction steps.  Off images were taken after a 10 second bleaching step.  All images were 
aligned as before, false colored, and merged. 
4.2.7. Six Marker Imaging 
Samples were blocked as before and incubated overnight with rat anti--tubulin, 
rabbit anti-Stathmin 1 (1:200), and chicken anti-Vementin (1:200) at 4º C in PBS-BB.  
Following washing, cells are incubated with TS1-conjugated goat anti-rat, TS2-
conjugated goat anti-chicken, and TS3-conjugated goat anti-rabbit at 10 g/mL each in 
PBS-BB.  All markers were activated simultaneously by adding 100 nM of each probe 
complex in TAE-BB.  Erasing was performed overnight followed by incubation with 1 
M of each eraser complex in TAE-BB.  Alexa647-conjugated mouse anti-WASP 
(1:500) and FITC-conjugated mouse anti-Vinculin (1:500) were then incubated on the 
cells for two hours in PBS-BB.  Cells were stained with DAPI and Phalloidin-532 then 
washed.  Images were taken between all reaction steps and aligned as before prior to 
being false colored and merged. 
4.3. Results and Discussion 
Our antibody labeling reactions exploit ‘toehold domains’ within dynamic DNA 
probes to initiate strand-displacement reactions between a ssDNA targeting strand (TS) 
that is conjugated directly to antibodies and a probe complex (PC) that contains a 
quenched fluorophore (Figure 4.1). These reactions result in the formation of a 
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fluorescently active reporting complex (IR) composed of single DNA duplexes. Similarly, 
a toehold within the reporting complex is used to initiate a second displacement reaction 
between this complex and an eraser complex (E). In this reaction, the reporting complex 
is disassembled and its fluorophore bearing strand is rendered inactive by the formation 
of a waste complex (W) that incorporates a quencher molecule. Consequently, the 
complete probe labeling and erasing cycle leaves the TS oligonucleotide that is 
conjugated to the antibody in its original ssDNA state. 
Harnessing strand displacement reactions for multiplexed immunofluorescence 
imaging requires that the DNA-antibody conjugates retain their selectivity for their 
protein targets and that the coupling and removal of dyes is efficient enough to generate 
fluorescent images that accurately reflect a protein’s intracellular distribution and to 
ensure these signals do not compromise subsequent imaging analyses of the same cells. 
These properties were first tested by staining microtubule networks of fixed and 
permeabilized HeLa cells using primary antibodies raised against -tubulin, a component 
of microtubule filaments. Different cell samples were then labeled with one of three 
unique targeting stands that were conjugated to secondary antibodies and that react 
selectively with their corresponding PC and E complexes. Stained microtubule filaments 
are clearly observed in epi-fluorescence images of each DNA-labeled sample (Figure 
4.3). The DNA probes also produce microtubule signal to background ratios that were 
near-identical to those generated by standard dye-conjugated secondary antibodies (these 
ratios varied between 10:1 and 20:1 and depended on the region inspected using each 
method, Figure 4.4). Similar capabilities were also demonstrated using these probe 
complexes and an array of primary antibodies that recognize different proteins and 
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localize to different cellular compartments (Figure 4.5). In each case, the subcellular 
localization and punctuate staining patterns found using standard immunofluorescence 
staining procedures are reproduced by the dynamic DNA reactions. Overall, the two 
methods are primarily distinguished by their ability to resolve fine structures within cell 
nuclei since non-specifically DNA-complex binding appears to influence the images 
within these regions of cells, an issue may simply require further optimization of our 
labeling procedures. These results therefore suggest the DNA-antibody conjugates retain 
their ability to recognize their protein antigens, and that images capturing the sub-cellular 
spatial distributions of proteins can be obtained using dynamic DNA complexes to 
transiently label these targeting agents. 
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Figure 4.3 Images show the initial “ON” state for A. PS1, B. PS2, and C. PS3 
followed by images of cells erased (top) or unerased (bottom).  (Scale bars: 20 m) 
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Figure 4.4 Line Profile analysis of -tubulin detected with a dye-conjugated 
secondary antibody, signal to noise varies from 1:10 – 1:20 depending upon the 
location of the filament (top).  A similar response in elucidated using DNA-
conjugated antibodies detected with DNA probe complexes (bottom). (Scale bars: 20 
m) 
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Figure 4.5 (left) Characteristic images of Histone H3, Vimentin, -Tubulin, KLC4, 
and Stathmin 1 detected with dye-conjugated secondary antibodies. (right) The 
same markers were detected using with DNA probes using DNA-conjugated 
secondary antibodies. (Scale bars: 20 m) 
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Strand displacement can also facilitate efficient removal of immunofluorescent 
signals from previously stained microtubules, yielding ON/OFF ratios between labeled 
and erased images ranging from 20.0/1 to 24.7/1 (Figure 4.6).  At this erasing level, the 
residual signals are less than or equal to measured RMS fluctuations of background 
signals within the bare glass portions of the cell culture slides. In contrast, fluorescence 
intensities are largely unchanged for cells that were labeled using the probe complexes, 
and then subjected to near-identical incubation and washing procedures used in our 
erasing reaction, but where the eraser complex is omitted. In this case, signal ratios for 
sequential images of the same cells varied from 1.36/1 to 1.64/1 (Figure 4.6). 
 
Figure 4.6 Measured ON/OFF ratios of each probe system under all treatment 
regimens.  Erasing alone generated roughly 15:1 ON/OFF ratios for all probe 
systems (+), but when eraser complexes were omitted, > 70% of the initial signal 
remained (-). 
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Prior kinetic studies of analogous in situ erasing reactions, where strand 
displacement was used to remove fluorophores from over-expressed GFP proteins that 
were tagged with a engineered ssDNA-protein polymer conjugate instead of the current 
DNA-antibody conjugates, suggest that efficient erasing (complete and rapid) requires 
the use of multi-strand complexes that allow W complexes produced in a displacement 
reactions to diffuse rapidly beyond a cell’s boundary; hence, reducing the probability that 
reverse / relabeling reactions between W and TS occur. Such control can be gained using 
three-strand complexes and E strands that liberate two different strands from the IR, or by 
employing two-strand eraser complexes that exchange strands with IR via a four-way 
branched migration mechanism [111].  However, to address the increasing cost 
associated with performing multiple immuno-fluorescence measurements, the present 
DNA complexes were designed to incorporate a quencher domain (qd) whose sequence is 
conserved in each PC and E complex so that the same quenching strand can be employed 
for all labeling and erasing reactions. While this domain does not participate in the 
displacement reaction, it precludes the use of entropically-driven, three-strand probe 
complexes for erasing and is found to reduce the ability to erase probe signals via a four-
way branched migration mechanism, dependent upon the incorporated dye molecule 
(Figure 4.7). This deficiency is potentially due to steric constraints that limit rates the 
four-way branched migration reactions are initiated since the DNA is directly conjugated 
to the antibody as opposed to the highly-flexible artificial proteins polymer for our prior 
analyses, and since eraser complex in this case contains internal toeholds. Nevertheless, 
this issue was avoided in the above experiments by employing the simple two-strand E 
complexes depicted in Figure 4.1 that exchange via a three-way branched migration 
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reaction, and by allowing the displacement reactions with IR to proceed overnight. Yet, 
we note that faster erasing could likely be achieving using complexes that avoid the use 
of the conserved quencher domains. 
 
Figure 4.7 A. Scheme for the four-way erasing reaction employing the conserved 
quencher domain (qd).  The four-way erasing can reduce signals imparted by Cy5 
(B), but is unable to erase Alexa488 dye signals (C).  (Scale bars: 20 m) 
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The low residual fluorescence signals remaining on a sample after the erasing 
reactions suggests this procedure can be used to visualize multiple proteins within 
individual cells using the same color dye molecule. To further assess this capability, 
additional cell samples were incubated simultaneously with the -tubulin antibody and a 
second primary antibody that recognizes either (i) a light chains of kinesin (KLC4) and 
co-localizes with mitochondria [112]; or, (ii) a Histone H3 complexes that localizes to the 
cell nucleus (Figure 4.8A). Each of these markers was outfitted with a unique TS strand 
using DNA-conjugated secondary antibodies (goat anti-mouse, and anti-rabbit secondary 
antibodies). DNA displacement reactions were then used, sequentially, to couple Cy3 dye 
molecules to the microtubule networks, erase these signals, and then label the second 
marker. As shown above, microtubule networks are clearly detected in each case, and are 
erased efficiently upon incubation with E (ON/OFF > 15:1). Moreover, residual signals 
were sufficiently low to facilitate a second round of immunofluorescence imaging.  Here, 
image intensity profiles are nearly indistinguishable if the final KLC4 and Histone H3 
images in these experiments are processed by subtracting their corresponding erased 
microtubule images or if they are background corrected assuming a constant, spatially-
invariant background intensity signal (Figure 4.8B).  These results therefore show 
multiple markers can be inspected using sequential displacement reactions with minimal 
crosstalk between the signals produce by each reaction. 
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Figure 4.8 (a) Sequential labeling of protein targets using a single fluorescent dye. 
(b)  Line profiles of OFF images subtracted from ON2 plotted against background 
subtracted ON2 images for cells labeled for -tubulin and KLC4 (top) and -
tubulin and histone H3 (bottom) with the residual difference between the images 
shown below (line profile regions are indicated on the ON2 images in (a)). 
Finally, we examined the ability to implement our full multiplexed and reiterative 
imaging procedure to visualize multiple sets of markers with individual cells. For these 
experiments, six different cytoskeletal-associated proteins (stathmin 1, vimentin, -
tubulin, Wiskott-Aldrich syndrome protein  or WASP, F-actin, and vinculin) were 
imaged, three at a time, using the red, green and blue channels of the fluorescent 
microscope (Figure 4.9). While the first set of markers were detected and then erased 
using the three PC or E complexes simultaneously (Figure 4.9; ON1), the second set of 
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markers were detected using primary antibodies that were either labeled directly with dye 
molecules (Alexa647 conjugated anti-WASP and FITC conjugated anti-vinculin), or with 
phalloidin-Alexa532 to stain actin filaments (Figure 4.9, ON2). Cell nuclei were stained 
and imaged using DAPI as a forth imaging channel in order to align the images collected 
in each round of fluorescence microscopy. Again, the signals produce by each DNA 
probe system reflect the spatial distributions of their protein targets that are obtained 
using conventional immuno-fluorescence staining methods. Moreover, the ability to stain 
cells a second time using conventional methods shows that strand displacement can be 
used to not only double the number of proteins that can be detected within a cell sample, 
but that antigenicity of proteins targets within cells is also retained throughout this 
procedure. These results therefore illustrate the flexibility of this approach and suggest 
the novel detection modalities provided by dynamic DNA complexes can be integrated 
with various existing immuno-detection technologies in order to custom tailor molecular-
cell analyses for specific biological problems. 
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Figure 4.9 Antibodies against -tubulin, vimentin, and stathmin 1 were detected 
with DNA-conjugated antibodies labeled by dynamic DNA probes (ON1).  The 
signals were then erased to permit the detection of WASP, vinculin, and f-actin 
using dye-conjugated primary antibodies and phalloidin (ON2).  These markers 
could then be functionally permuted to examine actin-associated markers (i), 
microtubule-associated proteins (ii), or cytoskeletal filaments (iii). 
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4.4. Conclusions 
In summary, the present experiments demonstrate the ability to selectively 
activate and erase fluorescent reporters through the use of strand displacement 
mechanisms for in situ immunofluorescence. Provided steric and kinetic constraints 
affecting these reactions within cells are addressed, fluorescent dyes can be reused 
multiple times to at least double the number of detectable markers.  Dynamic DNA 
complexes therefore offer a potential method to label large numbers of protein targets, 
permitting entire protein pathways to be interrogated on a single sample while retaining 
any spatially encoded information. Furthermore, as these reactions harness quite basic 
capabilities of dynamic DNA systems, these complexes may offer new methods to 
program logic and develop new molecular detection technologies for comprehensive 
proteomic analyses. This work represents an important first step in achieving these goals. 
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Chapter 5 
A Sequential DNA-Based AND-Gate for 
Proximity Dependent Fluorescence 
Detection 
Our past work has demonstrated the ability to selectively activate and erase 
fluorescent signals on fixed cells.  These reactions, though, represent basic reaction 
mechanisms when compared to the dynamic DNA reaction networks described in section 
1.5.  Therefore, we hypothesized that by modifying our probe complexes to function as 
AND-gates, proximity dependent protein detection (proximity detection) could be 
performed. 
We altered the probes developed in Chapter 2 to act as sequential AND-gates 
where two target sequences must be in close proximity and hybridize in a specific order 
to be detected and produce a fluorescent signal.  To test this, we designed a synthetic 
DNA ‘scaffold’ that could present two linked targets and analyzed the reactions products 
 85 
with non-reducing PAGE.  A transfectable dimerizing GFP construct was then designed 
to test the logic gate on cells. 
5.1. Introduction 
Dynamic DNA-based reactions have been used to create complex logic gates [59, 
60] and computational networks [65-67] with specific functions encoded by nucleotide 
sequence.  Importantly, these reactions are highly modular and can be quickly modified 
and combined to elucidate new functions [63, 68].  In past work, we developed DNA 
complexes to act as reiterative fluorescence labeling probes to allow elaborate sets of 
proteins to be visualized within an individual cell or tissue sample [95, 111].  Similarly, 
the ability of these probes to function as AND-gates could facilitate the detection of co-
localized proteins.  Such capabilities could be employed to address key limitations of in 
situ molecular imaging for proteomic analyses. 
Protein localization and co-localization events can have great influences on 
protein function as well as cellular phenotypes as a whole [113-115].  The implications of 
known dimer states have motivated the development of several molecular imaging 
techniques to visualize these events.  While FRET and split-GFP methods have been 
successfully used to detect protein dimers [116, 117], new direct imaging methods are 
capable of detecting endogenous co-localization events [55, 56, 79].  Similar to these 
technologies, our dynamic DNA-based reaction probes should allow the visualization of 
proximity dependent protein events in situ, but the dynamic DNA probes will permit 
enzyme-free detection. 
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To test this capability, we have modified our dynamic DNA probe complexes to 
act as logic elements (AND-gates) for proximity-dependent protein detection.  Herein, we 
describe the design and construction of a sequential AND-gate. This logic gate function 
was tested using a synthetic DNA scaffold which held two distinct target sequences in 
close proximity.  Lastly, we will demonstrate the utility of these logic gates to detect a 
dimerizing GFP construct that displays the two unique target strands in situ.  With this 
ability, it would be possible to construct a comprehensive library of these logic gate 
probes to detection several co-localized targets simultaneously and develop new 
biochemical assays. 
5.2. Materials and Methods 
5.2.1. General 
All chemicals were purchased from Sigma unless otherwise noted.  Imaging was 
performed with a 14-bit depth CCD camera (Luca, Andor) on a Nikon Ti Eclipse 
epifluorescence microscope with an automated stage and focus, using a 40x air plan-Apo 
objective.  Image processing was performed using ImageJ. 
5.2.2. DNA Oligonucleotides 
All probe complexes were designed using similar methods to those described in 
references [58].  Sequences were selected using a custom MATLAB script that generates 
random domains of specified lengths having pre-determined GC% range, while excluding 
previously generated domains or other prohibitive sequences (i.e. G quadruplexes), and 
avoiding secondary structures (e.g. hairpins).  The generated domains are ranked 
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according to their normalized two-state hybridization energies with existing probe strands 
using mFold [118], then verified by NUPACK [119, 120]. 
All DNA oligonucleotides were purchased from Integrated DNA Technologies.  
Dye or Quencher modified strands were ordered with HPLC purification while 
unmodified strands were poly-acrylamide gel electrophoresis (PAGE) purified in house 
prior to use.  Complexes were annealed at 20 M in 10 L reaction volumes.  While dye 
and quencher complexes were used immediately after annealment, unmodified complexes 
were PAGE purified, concentrated using ethanol precipitation, and reconstituted in 25 L 
of buffer (typically TAE or nuclease-free water).  Concentrations were determined from 
the absorbance measurements at 260 nm.  Stocks were prepared at 1 M concentrations, 
re-annealed, and stored at -20 C.  All oligonucleotide sequences can be found in Table 
5.1. 
Strand Sequence (5ʹ-3ʹ) 
LB 
GTA CTG CCT ATA TTC TTC TCA TGA CAA AGT CAA CAT 
AGT ATA CAG AGG AGT GAT CGA GAT ACT CGA TTA CAA C 
OB GTT GTA ATC GAG TAT CTC CCT CTG TAT ACT ATG TTG AC 
SB TTT GTC ATG AGA AGA ATA TAG G 
OutputCC GTT GTA ATC GAG TAT CTC GAT CAC T 
ConsumeCC GAG ATA CTC GAT TAC AAC 
Scaffold1 
GCT CCC ACC CGT AGG GAA TGC CCG TTT GCG GTT CCG 
GGC CGA ACT CG 
Scaffold2 
CGG GCA TTC CCT ACG GGT GGG AGC TTT CGA GGC GCG 
TGT CAC GAA AC 
Table 5.1 List of oligonucleotide sequences used in for logic gate experiments.  
/3AmMO/ and /5Cy5/ 3ʹ amino 5ʹ Cy5 modification, respectively. 
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Strand Sequence (5ʹ-3ʹ) 
Scaffold Target1 
TCA TGA GAA GAA TAT AGG CAG TAC TTT TTG TTT CGT 
GAC ACG CGC CTC G 
Scaffold Target2 
CCT CTG TAT ACT ATG TTG ACT TTG TTT TTC GAG TTC 
GGC CCG GAA CCG C 
Scaffold Target3 
ACG ATT CGT TCT AAT AAT AAA GAT TTT TTG TTT CGT 
GAC ACG CGC CTC G 
Scaffold Target4 
CGA TTT  CTA AGG AAT AAT AAA GAA TTT TTC GAG TTC 
GGC CCG GAA CCG C 
ConsumeCC-3ʹQ GAG ATA CTC GAT TAC AAC /3IAbRQSp/ 
OutputCC-5ʹCy5 /5Cy5/GT TGT AAT CGA GTA TCT CGA TCA CT 
Amine Target1 
TCA TGA GAA GAA TAT AGG CAG TAC TTT TTT TTT 
T/3AmMO/ 
Amine Target2 
CCT CTG TAT ACT ATG TTG ACT TTG TTT TTT TTT 
T/3AmMO/ 
Table 5.1 Cont. 
5.2.3. Gel Analysis 
For standard logic reactions the Logic Gate, Target Scaffold, and reporter were 
mixed 1:1:1, 1:1:2, or 1:1:5 (where standard concentrations were 50 nM) in TAE 
containing 12.5 mM Magnesium.  Reactions were performed at room temperature for 3 
hours before PAGE analysis.  Reaction products were run on 7% (w/v) PAGE gels 
containing TAE at 150 V for 3.5 hours at room temperature, stained with SYBRGold 
(Invitrogen), and imaged on an Alpha Innotech (Santa Clara, CA) FluorChem FC2. 
5.2.4. Fluorescence Measurements 
Fluorescence measurements were performed in Corning (Corning, NY) 96-well 
plates at 200 L volumes in TAE with 12.5 mM magnesium on a Tecan (Männedorf, 
Switzerland) Infinite m1000 plate reader.  The target scaffolds and logic gate were 
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present at 50 nM, while the reporter complex was added at 250 nM concentration.  Time 
zero corresponds to the addition of the logic gate.  Measurements were taken every 2.5 
minutes for 150 minutes.  The excitation and emission were 635 nm with a 5 nm 
bandwidth and 666 nm with a 10 nm bandwidth, respectively.   Readings were taken at 
400 Hz flashes with 4 measurements per well.  The plate was radially agitated between 
fluorescence measurements.  Measurement settings were optimized to minimize 
bleaching effects on the fluorescent output. 
5.2.5. DNA-Protein Conjugate Synthesis 
DNA-Protein conjugates linking the target 1 and target 2 sequences to the 
ZR(ELS)6 protein sequence were synthesized as previously described [84].  Briefly, the 
protein was expressed in BL21 DE3 strain of E. coli and purified.  The target sequences 
were ordered with 3ʹ amine functionalizations and linked to the protein using a 
heterobifunctional crosslinker, sulfo-SMCC (Pierce Rockford, IL).  The DNA-Protein 
conjugates were then purified to homogeneity using FPLC.  Concentrations were 
determined using the A260 absorbance of the appended DNA sequence.  Conjugates were 
divided into single-experiment aliquots (generally 10 L at 10 M concentration) and 
stored at -20º C until needed. 
5.2.6. Construction of a Dimerizing GFP Protein 
The dimerizing GFP protein was constructed using an N-terminal coiled-coil stalk 
domain of the motor protein Kinesin1 (amino acids 334-401).  A GFP and Leucine zipper 
domain (ZE) were then fused to the C terminus.  The gene was constructed using standard 
cloning techniques and verified via sequencing. 
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5.2.7. Cell Culture and Fixation 
NIH 3T3 fibroblasts were cultured in Dulbecco’s Modified Eagle Media (DMEM) 
supplemented with 10% (v/v) fetal bovine serum (FBS) with 100 U/mL Pen/Strep.  Cells 
were grown at 37º C with 5% CO2. Cells were cultured directly on glass coverslips (no. 
1.5) to 80% confluence.  The cells were transfected with 1.5 g plasmid DNA/mL media 
using the FuGene transfection system according to the manufacturer’s protocol.  After 48 
hours, the cells were fixed with freshly prepared 4% (w/v) paraformaldehyde (PFA) in 
PBS for 30 minutes, washed twice with PBS, then permeabilized with 0.2% (v/v) Triton-
X 100 in PBS for 5 minutes.  Fixed cover slips were dried under airstream, then affixed 
to custom-fabricated 10 well chambers using precision cut double sided adhesive.  
Samples could then be used immediately or stored in buffer at 4º C for up to one week. 
5.2.8. Imaging GFP Dimers on Cells 
After fixation, cells were blocked for two hours in PBS containing 2% (w/v) 
BSA, 1 mg/mL denatured Herring sperm DNA, and 0.5 M polyT DNA.  The samples 
were then washed and incubated with 100 nM DNA-protein conjugates, displaying either 
Target1 alone, Target2 alone, or both targets in PBS.  Cells were washed again and 100 
nM logic gate with 500 nM reporter in TAE with 12.5 mM Mg
2+
 was added to each well.  
Samples were allowed to react for 2 hours, washed, and imaged immediately. 
5.3. Results and Discussion 
To design the sequential AND logic gate for proximity dependent protein 
detection, we modified the DNA probe designs from reference [95] (Chapter 2).  Using 
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the ‘catalyst’ strand as the first target and a truncated ‘fuel’ strand (binds at the second 
toehold, displacing Output2, but not the ‘catalyst’) as the second target, an output should 
only be generated when both targets are present (Figure 5.1A).  The sequential nature of 
the logic gate comes from the need for target 1 (T1) to bind and release the first output 
strand, which exposes the toehold that allows target 2 (T2) to bind.  To test the logic gate 
(LG), we created a scaffold which couples the target strands, fixing them at a distance of 
24 base pairs (~8.1 nm) (Figure 5.1B).  We then incubated target scaffolds, displaying 
different combinations of correct and incorrect target sequences, with the LG.  By 
analyzing the products via PAGE, a full complex is produced when both correct targets 
are present [Figure 5.1C, LG + (T1 T2)].  Similarly, when only T1 is present, the 
reaction terminates at the creation of an intermediate state [Figure 5.1C, LG + (T1 T4)].  
However, when the LG is incubated with only T2 present, a distinct leakage product is 
formed (Figure 5.1C, red box).  As this indicates a non-sequential binding event, this 
leakage can lead to false positive results.  Therefore, this design was determined to be 
insufficient for proximity detection. 
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Figure 5.1 Sequential AND-Logic Gate using probe complexes from reference [95].  
A. Schematic of the sequential reaction using the entropic circuit design; B. 
Scematic representation of the target scaffold; and C. PAGE gel depicting the full 
logic.  While a full complex is generated when T1 and T2 are present, a distinct 
leakage reaction is seen when only T2 is present (red box). 
To address the leakage reaction, the second output strand was extended eighteen 
base pairs to stabilize the complex.  This should reduce the ability of T2 to initiate and 
hybridize into the LG without the presence of T1.  However, both target strands should 
be the same length to maintain a modular domain design.  Therefore, a seven base pair 
toehold loop motif was incorporated similarly to reference [90], which is held closed by 
the second output strand.  This design will allow the logic gate to behave sequentially as 
before, but the full reporting complex can only be formed upon a final reaction with a 
reporter (R) (Figure 5.2A).  The new LG was incubated with target scaffolds as before, 
but omitting the reporter complex.  Upon PAGE analysis of the products, there is no 
detectable reaction when incorrect targets sequences are present.  When only T1 is 
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present, the reaction stops upon the formation of an intermediate state.  However, when 
both T1 and T2 are present we see ~70% yield of intermediate 2 (Figure 5.2B).  This 
intermediate 2 state was then incubated with one, two, or five-fold molar excess R.  
Increasing turnover of intermediate 2 to reporter complex is seen as R is present in higher 
excess (Figure 5.2C).  Finally, when LG is incubated with all versions of the target 
scaffold and five-fold molar excess R, we confirm the sequential AND-logic indicating   
> 95% yield of reporter complex (Figure 5.2D) by band intensity analysis. 
 94 
 
Figure 5.2 Sequential AND-Logic Gate using probe complexes incorporating a new 
‘loop’ domain for proximity detection.  A. Schematic of the new logic gate reaction 
mechanism.  B. PAGE gel showing the logic behavior when the reporter is omitted.  
C. Increasing addition of reporter to the intermediate 2 state drives the reaction to 
the reporter complex.  D. Using 5x excess R, the full logic is driven to completion 
(reporter complex) only when both T1 and T2 are present. 
Next, fluorescent analyses were performed to characterize the solution phase 
kinetics of the LG and precisely quantify background or leakage reactions.  By 
incorporating a dye and quencher into the R, the reaction progression can be monitored 
by measuring the fluorescence intensity.  When the reaction was performed using five-
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fold excess R, equilibrium is reached in approximately 1.25 hours (Figure 5.3).  
Importantly, a fluorescent output is only detected when the target scaffold containing T1 
and T2 is added (Figure 5.3, •).  Importantly, when T1 is present alone, the intermediate 
1 state is incapable of generating a fluorescent signal (Figure 5.3, •). 
 
Figure 5.3 Kinetic response a fluorescent reporter (R) when incubated with the logic 
gate and different target scaffolds.  A fluorescent response is seen only when T1 and 
T2 arepresent (•). 
As the sequential AND-gate functionality was verified in solution, we wanted to 
test the ability of our logic gate to detect protein dimers in situ.  To do so, we created a 
homodimerizing GFP fusion protein.  By transfecting this construct into cultured cells, 
we could test our logic gate through the addition of target strand bearing DNA-protein 
conjugates.  GFP-ZE transfected cells were used as controls as they lacked the dimerizing 
fusion domain.  After adding the DNA-protein conjugates, the cells were washed to 
remove unbound conjugate and incubated with the LG and five-fold excess R.  Only 
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when T1 and T2 are present do we see a fluorescent response, whereas minimal 
fluorescence can be detected when one target is omitted (Figure 5.4A).  However, a slight 
fluorescent signal can be discerned from cells transfected with the control GFP-ZE.  We 
believe this signal is due to the innate weak homodimer formed by GFPs [121]. 
 
Figure 5.4  Logic gate function on fixed cell samples transfected with a kinesin1 
stalk domain followed by a GFP and ZE.  A.  The logic gate was added to cells that 
were incubated with T1 and T2, T1 alone, or T2 alone.  Only when both targets are 
present is a correlation seen between the Cy5 and GFP channels. B. The logic gate 
was added to cells that were transfected with a GFP-ZE protein.  When both targets 
are present, a slight response can be seen in the Cy5 channel.  We believe this is due 
to the inherent low-affinity dimerization of GFP proteins. (Scale bars: 50 m) 
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5.4. Conclusions 
We have shown that the modified dynamic DNA probe complex is capable of 
function as a sequential AND-gate in solution phase kinetic measurements as well as on 
cells.  The analyses indicate nearly quantitative formation of target complexes through 
PAGE and show no detectable background or leakage reactions.  Similarly, we have 
demonstrated the ability to directly amplify the detection output using hybridization chain 
reaction to allow for sensitive detection of low level proximity-dependent events.  To 
fully evaluate the AND-gate probe design, the logic gate should be applied directly to a 
verified proximity-dependent protein system.  Oligonucleotide coupled antibodies or 
DNA aptamers could then be employed to detect endogenous protein markers and display 
the appropriate target sequences. 
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Chapter 6 
Conclusions and Future Work 
6.1. Summary of Results 
In this thesis, we have described the utility of dynamic DNA probes for 
fluorescence imaging applications.  To accomplish this, DNA probe designs were 
designed and optimized to efficiently and robustly activate and erase fluorescent signals 
in situ.  In cellular environments, it was found that molecular crowding can greatly alter 
dynamic DNA reaction kinetics by enhancing non-toehold mediated strand displacement 
reactions.  Therefore, it was necessary to redesign circuit complexes to either generate 
inert products or require the reverse reaction to have a cooperative element.  Antibodies 
were then labeled with DNA to employ these probes for immunofluorescence imaging.  
Here, all probe designs were capable of producing antibody-based signals on fixed cell 
samples.  The dynamic DNA probes were then capable of efficient erasing to allow at 
least one additional round of labeling and detection.  Furthermore, we have utilized the 
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reconfigurable and highly predictable nature of DNA hybridization reactions, to perform 
simple AND-logic for proximity dependent protein detection.  The modular domain 
design of the dynamic DNA probes allowed the construction of a sequential AND-gate, 
which only produced a fluorescent reporter upon the detection of two distinct co-localize 
target sequences. 
We have, thus, established a new class of reconfigurable fluorescent probes that 
harness strand exchange mechanisms to activate and erase fluorescent markers and detect 
co-localized proteins in situ.  The ability to incorporate complex DNA-based 
computations and logic offers new avenues for molecular imaging.  These capabilities 
may permit more comprehensive proteomic molecular pathway analyses, characterizing 
the network-level properties of cells.  Such advancements have important implications in 
disease and cancer diagnostics given the ability to specifically characterize both sample 
heterogeneity as well as rare cell types. Through the creation of stronger functional 
networks among known and unknown cancer biomarkers new and effective diagnostic 
assays and treatments may be devised. 
6.2. Future Work 
6.2.1. Improving Sensitivity and Detection 
While Chapter 4 indicated the power of the reiterative technology using 
cytoskeletal markers, it may be of interest to improve our detection capabilities for low-
level expression markers.  To improve upon our detection sensitivity, we should optimize 
our conjugation methods and efficiency and develop a DNA-based method to amplify 
fluorescent outputs. 
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Control over the number of covalently attached target strands may offer a way to 
incorporate a larger number of dyes per bound antibody.  The current ‘click’-based 
conjugation relies on a sufficient number of NHS-azide groups to be coupled to the 
antibody for labeling.  While Guo et al. suggested that the protocols used should facilitate 
two to three strands per antibody [58], we have yet to verify these values.  Even if we 
assume these values to hold, we do not know if all conjugated target strands are capable 
of reacting with the probe complexes due to sterics.  Similarly, their oligonucleotides 
were composed purely of synthetic nucleic acid structures and were much shorter than 
our target strands, suggesting that the reported conjugation efficiencies could vary greatly 
when compared to our studies.  To address this, a 5ʹ hexynyl-modified target strand could 
be ordered with a 3ʹ dye modification.  Using our conjugation methods, the degree of 
labeling could be easily calculated using simple absorbance measurements.  Furthermore, 
by hybridizing this target strand with an unlabeled oligonucleotide prior to conjugation, 
the reaction conditions could be optimized to minimize steric interference among target 
strands. 
Alternatively, new conjugation methods could be explored.  Multiple groups have 
reported the covalent attachment of dyes and other molecules to the carbohydrate chains 
located on the conserved region, Fc, of antibodies using 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) coupling.  While optimization methods could 
be performed identically to the ‘click’ methods, EDC coupling would also prevent 
antibody loss due to conjugation at the variable, antigen-recognizing region, Fv. 
To amplify signals imparted by the DNA complexes, we are currently proposing a 
method to create multivalent structures which are initiated by a single target strand.  By 
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constructing “trees” from a single target strand, each “branch” can be recognized 
individually by a probe complex.  Importantly, these trees also can be multiplexed to 
enhance the degree of amplification (i.e. a single trees can display three additional trees).  
Simultaneously probe complexes can be designed to incorporate additional dye molecules 
for additional amplification.  Since these trees are finite size structures, the level of 
amplification can be programmed to specifically modulate a signal for a given 
application.  Currently, these trees have shown the ability to amplify our GFP model 
system by factors of 3 or 9 (Figure 6.1) via the multiplexing of tree structures or the 
incorporation of multiple dyes in a single probe complex. 
 
Figure 6.1 Graph of the quantile modulation of dye intensities through “tree”-based 
amplification.  The fitted slopes are indicated on the graph, showing 3x 
enhancement by incorporating three dyes (•) into the probe complex or using a 
single tree (▲).  Similarly, 9x amplification can be achieved through two levels of 
trees (◄) or a single tree with probe complexes containing three dyes (▼). Figure 
courtesy of Jan Zimak. 
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6.2.2. Application of Logic Gate 
In Chapter 5, we demonstrated the ability of our modified DNA-based logic gate 
to detect co-localized GFP molecules.  Having used a synthetic, transfected system, it 
would be prudent to demonstrate functionality by detecting endogenous protein co-
localization events.  Given the recent establishment of a commercially available 
proximity ligation kit (Olink Biosciences), we should be able to validate the logic gate 
using protein pairs previously verified by PLA.  Using these well characterized antibody 
pairs, we can conjugate secondary antibodies with our target strands and evaluate the 
ability of the logic gate to detect proximity-dependent co-localization events. 
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Chapter 7 
Design of DNA-Conjugated 
Polypeptide-based Capture Probes for 
the Anchoring of Proteins to DNA 
Matrices 
A critical aspect of fluorophore-based imaging is targeting specific cellular 
markers.  Most often, antibodies, small molecules, and biological analogues are 
employed to facilitate specific detection.  As a model system, we believed that 
transfectable targets would be ideal markers to develop the reactive DNA probe 
complexes.  While several semi-synthetic DNA-protein conjugates have been described 
in the literature, we wanted to create a monovalent conjugate capable of coupling a single 
strand of DNA to a single protein. 
For this application, we chose heterodimerizing leucine zippers (ZE and ZR) due to 
their high affinity (KD ~ 10
-15
) and monovalent behavior.  The ZR zipper was linked to a 
long flexible elastin-like linker terminated with a cysteine residue for attachment 
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chemistries.  Importantly, this protein exhibits no major secondary structure, permitting 
denaturing expression and purification methods while able to withstand multiple solvent 
conditions for efficient chemical conjugation.  To demonstrate the capabilities of these 
conjugates, they were used to attach fusion proteins to DNA-addressed locations on 
microarrays and arrange into finite size structures in near unity efficiencies, all while 
maintaining protein/enzyme activity. 
While the experiments in this chapter detail the use of linking fusion proteins to 
DNA-based scaffolds, this semi-synthetic conjugate would allow the direct attachment of 
target DNA strands to transfected fusion proteins similar to those described in these 
experiments. 
 
Reproduce with permission from: 
Schweller, Ryan M.; Constantinou, Pamela E.; Frankel, Nicholas W.; Narayan, Priyanka; 
Diehl, Michael R.; Design of DNA-Conjugated Polypeptide-based Capture Probes for the 
Anchoring of Proteins to DNA Matrices. Bioconjugate Chem., 2008, 19 (12), 2304–2307. 
Copyright 2008 American Chemical Society. 
7.1. Introduction 
Protein coupling and immobilization strategies remain central to the investigation 
of protein interactions and constitute an important design element for a wide variety of 
protein detection technologies [122-124].  To meet these needs, an array of polypeptide-
based affinity tags has been implemented that can mediate the surface anchoring of 
proteins [125, 126].  In addition to being expressed as small protein fusions, these 
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functionalities offer significant advantages over physical adsorption as well as most 
direct covalent attachment schemes since they provide control over the orientations of 
proteins on their supports and, in many circumstances, help preserve the native folded 
state of proteins [127]. 
 Alternatively, DNA-protein conjugate molecules have been developed to 
facilitate protein immobilization onto DNA-coated matrices such as DNA microarrays 
[128-130] and organized molecular scaffolds formed from DNA [131].  DNA-directed 
immobilization of proteins allows oligonucleotide sequences to encode the spatial 
positioning and composition of multiple proteins on solid supports via the controlled 
deposition of DNA [128].  This app-roach can simplify the preparation of solid supports 
for protein immobilization and provide sensitive control over protein deposition since 
DNA-surface chemistries are more established and robust than most protein 
immobilization techniques.  DNA-directed protein deposition can also provide routes to 
tune the quantitative activities of enzymes in ways that can be difficult to achieve using 
protein affinity tags alone and offer new opportunities to build artificial systems of 
interacting proteins with complex kinetic properties.  Such control has been demonstrated 
by recent work to ‘program’ the stoichiometric ratios of multiple enzymes immobilized 
on the surfaces of DNA-coated 96-well plates [132].  Similarly, multi-enzyme complexes 
have been created using DNA as a molecular scaffold and used to explore how proximity 
effects influence their coupled-enzyme reaction dynamics [132, 133]. 
Despite the advantages of using DNA hybridization to directed protein deposition, 
various technical obstacles still limit the utility of this approach for a variety of 
applications.  Particularly, the production of large numbers of DNA-protein conjugates 
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remains challenging.  Although commercially available crosslinking agents can be used 
to couple amine or thiol-functionalized DNA strands to surface cysteine and lysine 
residues of proteins [134, 135], the efficiency of these reactions tends to be low and post-
labeling purification is generally required to isolate the conjugates.  Furthermore, site-
specific DNA conjugation through this route requires that the majority of surface 
cysteines and lysines are mutated to non-reacting residues.  Even if these, or alternative 
modifications are possible, the direct labeling of proteins with DNA may interfere with 
protein function [135].  These issues can be avoided by coupling DNA to proteins 
indirectly through protein affinity tags.  Protocols that employ intein tags along with 
expressed protein ligation [136, 137], DNA-streptavidin conjugates and biotin labeling 
[128], reactions of chemically modified DNA molecules with SNAP-tag fusion [138], 
and protein farnesyltransferase labeling coupled with click chemistry [139] have all been 
adopted for this purpose.  However, most of these methods still require purification steps 
to isolate the DNA-protein conjugates.  Consequently, a host of technological 
applications stand to benefit from the development of new synthetic routes to prepare 
DNA-protein conjugates that emulate the simple and robust processing afforded by 
commonly used protein affinity tags alone. 
7.2. Materials and Methods 
7.2.1. General 
All reagents were purchased from Sigma-Aldrich unless otherwise noted.  All 
oligonucleotides were purchased from Integrated DNA Technologies.  The Alexa647-
anti-green fluorescent protein (GFP) was purchased from Molecular Probes (Carlsbad, 
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CA).  Anti-GST antibodies were purchased from GE Healthcare (Piscataway, NJ) and 
labeled in house using a Cy3 mono-reactive dye pack (GE Healthcare) and the resulting 
dye to antibody ratio (6 to 1) was determined according to the manufacturer’s protocols. 
All cloning procedures were carried out in the E. coli strain XL1-Blue (Stratagene 
Wilmington, DE).  Expression was performed using BL21 (DE3) strains (Novagen 
Wilmington, DE). The sequences of the plasmids produced from each cloning step were 
verified using restriction mapping and DNA sequence analysis. 
Primers sequences used to construct synthetic genes were designed using a web-
based software tool (DNAWorks) [140].  DNA sequences used for conjugation, surface-
functionalization, and to form molecular scaffolds based on single DNA duplicies were 
designed using a program called SEQUIN [141].  This software was used to minimize 
sequence repeats in the different strands used for conjugation and spotting, as well as 
those incorporated into the DNA scaffolds.  All oligonucleotides were individually 
purified using denaturing PAGE protocols and can be found in Table 7.1. 
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Sequence 
Name 
Nucleic Acid Sequence  
Conjugate1  /5AmMC6/CCAATGCGGTCTATCCAGCC 
Conjugate2  /5AmMC6/CTACGGCAACTGTGGTCATC  
scConjugate1 /5AmMC6/TTTTTTTTTTTTTTTTTTTTGGCTGGATAGACCGCATTCG 
scConjugate2 /5AmMC6/TTTTTTTTTTTTTTTTTTTTGATGACCACAGTTGCCGTAG 
sControl  /5AmMC6/TTTTTTTTTTTTTTTTTTTTCCGAGCAGGCGTGAGTCGTC 
kcConjugate1 /5Biosg/TTTTTTTTTTTTTTTTTTTTGGCTGGATAGACCGCATTCG 
kControl /5Biosg/TTTTTTTTTTTTTTTTTTTTGATGACCACAGTTGCCGTAG 
Scaffold 
Overhang1 
CGTAGCAGGCACATCGTTGGCTGGATAGACCGCATTCG 
Scaffold 
Overhang2 
CGTAGCAGGCACATCGTTGATGACCACAGTTGCCGTAG 
Scaffold1  GTCACGGACTGAGCGT 
Scaffold2  CGATGTGCCT 
Scaffold3  GCTACGACGCTC 
Scaffold4 AGTCCGTGACTTGGCTGGATAGACCGCATTCG 
Table 7.1 List of nucleic acid sequences used for conjugation, microarray 
experiments, and multiprotein scaffold experiments. /5AmMC/ indicate a 5ʹ amine 
modification and /5Biosg/ indicate a 5ʹ biotin modification. 
7.2.2. Plasmid Construction 
Genes encoding for each domain of the artificial proteins including the basic 
portion of the zipper complex (ZR) and the elastic ‘mid-block domain’ or ELS fragment 
(VPGVG VPGSG VPGVG VPGSG VPGVG) were constructed from synthetic 
oligonucleotides through PCR.  During this process a C-terminal cysteine and a stop 
codon was introduced into the gene.  The resulting fragments were directionally ligated 
into a pQE60 vector (Qiagen Valencia, CA).  This gene was then polymerized stepwise 
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into larger ZR-(ELS)2-C, ZR-(ELS)4-C and ZR-(ELS)6-C constructs using the recursive 
directional ligation (RDL) procedure described in reference [142] with slight 
modifications.  At each intermediate cloning step, two gene fragments were isolated from 
each vector by digestion with NcoI and BglI or PflMI and HindIII restriction 
endonucleases.  These two fragments were then simultaneously inserted directionally into 
the NcoI and HindIII sites of a new pQE60 vector.  The amino acid sequences for the ZR-
(ELS)6-C protein can be found in Table 7.2. 
 The recombinant target proteins containing ZE fusions GST-ZE, GFP-ZE, 
calmodulin-ZE (CAM-ZE), and PSE-4-ZE were all prepared using standard cloning 
procedures.  Each of these genes contained a C-terminal ZE and 6xHistidine (6xHis) for 
purification. 
Sequence  
Name 
 Amino Acid Sequence  
 ZE   LEIEAAALEQENTALETEVAELEQEVQRLENIVSQYRTRYGPL  
 ZR   LEIRAAALRRRNTALRTRVAELRQRVQRLRNEVSQYETRYGPL  
 ELS   VPGVGVPGSGVPGVGVPGSGVPGVGV  
 ZR-(ELS)6-C   MVGS-ZR-GSNHGVG-(ELS)6-VPGWLRSC  
Table 7.2 Amino acid sequences of the artificial polypeptide components in the ZR-
(ELS)6-C protein. 
7.2.3. Protein Expression and Purification 
To avoid proteolytic degradation of the ZR fragment of the artificial proteins, and 
to facilitate Ni
2+
-NTA purification, ZR-(ELS)6-C was co-expressed with a ZE-6xHis gene 
that was created in pQE60 and then inserted into the NheI sites of a pREP4 vector 
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(Qiagen).  Both vectors contained the inducible, bacteriophage T5 promoter of the pQE 
plasmid.  For expression, cells were grown in terrific broth (TB; 24 g of casein 
hydrolysate, 12 g of yeast extract, 4 mL glycerol, 17 mM KH2PO4, 72 mM K2HPO4), and 
antibiotics (50 mg/L ampicillin and 35 mg/L kanamycin).  The cells were cultured at 37 
C until an OD600 of 1 was reached.  Afterwards, expression was induced for 5 hours by 
adding 1 mM IPTG.  Cells were then pelleted (5,000 RPM and 4 C) an resuspended in 
lysis buffer (8 M urea, 10 mM Tris-HCl, 100 mM NaH2PO4, pH 8.0) and allowed to lyse 
overnight at 4º C with vigorous stirring.  The cell lysate was clarified by centrifugation 
and the supernatant was applied to a column containing Ni
2+
-NTA resin.  After washing 
with lysis buffer, the artificial protein was eluted using a buffer containing 6 M 
guanidine-HCl, 100 mM NaH2PO4, 10 mM Tris-HCl, pH 8.0.  This buffer disassociates 
the ZE/ZR complex, allowing the ZR-(ELS)6-C to be eluted while the majority of the ZE-
6xHis proteins remain on the column.  To remove excess ZE-6xHis, the eluent was run 
through a second Ni
2+
-NTA column.  The flow through of this column was dialyzed with 
frequent water exchanges for 3 days and lyophilized.  The protein purity was verified 
using SDS-PAGE and matrix-assisted laser desorption/ionization time-of-flight (MALDI-
TOF) mass spectroscopy (Figure 7.1).  The MALDI-TOF of the polymers gave peaks at 
18652 m/z and 9323 m/z corresponding to the M
+
 and M
+2
 polymer species, respectively.  
The ZE-6xHis polypeptide was not present at detectable levels using either SDS-PAGE or 
MALDI-TOF analyses. 
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Figure 7.1 MALDI-TOF spectrum for the ZR-(ELS)6-C protein.  The spectrum 
shows peaks at 9323 m/z and 18652 m/z, corresponding to the M+2 and M+ peaks, 
respectively.  The calculated theoretical mass of the full-length polymers is 18793.5 
Da, and 18662.3 Da if the N-terminal methionine is cleaved. 
Cells expressing the target proteins were cultured similarly to those used for 
artificial protein production.  However, expression was induced overnight at 23 C.  
Purification of the target proteins were carried out using standard native lysis and Ni
2+
-
NTA purification protocols with the exception of the PSE-4-ZE.  Cells containing these 
proteins lysed using an osmotic shock procedure that allows the outer membrane of cells 
to be broken using an osmotic shock buffer [30% (w/v) sucrose, 1 mM EDTA, 30 mM 
Tris, pH 8.0].  Protein expression and purification was verified using SDS-PAGE 
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analysis while protein concentrations were determined using the Bradford method.  For 
some experiments, clarified lysates were saved, aliquoted, and stored at -80º C for 
experiments with unpurified proteins. 
7.2.4. Artificial Protein-DNA Conjugation 
Artificial proteins were labeled with DNA as described in reference [134] with 
slight modifications.  Briefly, concentrated stock solutions of ZR-(ELS)6-C (10 mg/mL) 
were prepared by dissolving the lyophilized polymers in 8 M Urea, 100 mM NaH2PO4, 
10 mM Tris, pH 7.2.  Disulfide bonds between polymers were then reduced by adding 
400 mM tris(2-carboxyethyl)phosphine (TCEP) and incubated at 37º C for 1.5 hours.  
Simultaneously, amine-labeled oligonucleotides, 20 bp in length, were reacted for one 
hour at 37º C with the heterobifunctional crosslinker, sulfosuccinimidyl 4-[N-
maleimidomethyl]cyclohexane-1-carboxylate (sulfo-SMCC). Afterwards, the reduced 
artificial protein and the DNA solutions were passed through two separate NAP-5 
desalting columns, combined, and incubated for 2 hours at room temperatures and then 
overnight at 4 C.  The following day, the ZR-(ELS)6-C-ssDNA conjugates were isolated 
using a HiTrapQ ion-exchange column and fast protein liquid chromatography (FPLC, 
Figure 7.3).  The peak fractions containing the conjugate were pooled and dialyzed with 
frequent water exchanges for 3 days and lyophilized.  The polymers were then 
redissolved in Tris-EDTA (TE) buffer (pH 7.4) at a concentration of approximately 35 
M.  The actual conjugate stock concentrations were determined from the OD260 using an 
extinction coefficient from the appended ssDNA’s extinction coefficient ( = 185,000 
M
-1
 cm
-1
).  Conjugate stock solutions were aliquoted and stored at -20º C until needed. 
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7.2.5. DNA-Templated Protein Microarray Fabrication 
DNA microarrays were fabricated by printing 5ʹ-amine modified oligonucleotides 
on silyated (amine-aldehyde) functionalized slides (CEL Associates Inc).  
Oligonucleotide stocks were diluted appropriately with spotting buffer [40% (w/v) 
glycerol in PBS, pH 6.6].  For the single protein arrays, the arrays were printed in 90, 50, 
and 10 M concentrations and a control strand was printed at 90 M.  The multi-protein 
arrays were all printed at 50 M.  A custom built microarrayer outfitted with SMP3 pins 
(Telechem Int. Sunnyvale, CA) was used for all printing.  After printing, the slides were 
placed in a humid chamber for 45 minutes, and then allowed to dry outside the chamber 
for 10 minutes.  The remaining free aldehyde groups were quenched in a solution of 25% 
(v/v) ethanol and 0.25% (w/v) NaBH4 in PBS for 5 minutes.  The slides were then 
thoroughly rinsed with milli-Q water (Millipore Billerica, MA) and blocked using pre-
hybridization buffer [20 mM Tris-HCl pH 7.4, 150 mM NaCl, 5 mM EDTA, 1% (v/v) 
Tween 20, 0.1 mg/mL denatured herring sperm DNA, 0.1 mg/mL BSA, 3% (w/v) dry 
milk] with gentle agitation for 2 hours.  The arrays were then washed 3 times for 10 
minutes each in wash buffer [20 mM Tris-HCl pH 7.4, 150 mM NaCl, 5 mM EDTA, 
0.01% (v/v) Tween 20], thoroughly rinsed with milli-Q water and dried under a nitrogen 
stream. 
Artificial protein-DNA conjugates were used to direct the assembly of target 
proteins onto the DNA-spotted microarrays by first pre-incubating the target ZE-fusion 
proteins individually with the artificial protein conjugates.  A three-fold molar excess of 
target protein was typically maintained during these incubations.  A reaction chamber 
was prepared by affixing a Gene Frame (AB Gene) to the microarrays.  Mixtures of 
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artificial proteins and target proteins were brought to a final volume of 100 L with 
hybridization buffer [20 mM Tris-HCl pH 7.4, 150 mM NaCl, 5 mM EDTA, 0.01% (v/v) 
Tween 20, 0.1 mg/mL denatured herring sperm DNA, 0.5% (w/v) dry milk] and perfused 
into the reaction chamber.  For multi-protein array fabrication, two solutions of polymer-
target protein complexes were prepared separately, combined into one solution, and 
introduced to the reaction chamber.  The slides were left at room temperature to incubate 
overnight.  Afterwards, the Gene Frames were removed and the slides were washed three 
times with wash buffer, rinsed with milli-Q water, and dried under nitrogen stream.  New 
Gene Frames were applied to each array and a solution containing Alexa647-anti-GFP 
antibodies or both Alexa647-anti-GFP and Cy3-anti-GST antibodies were added at 
concentrations of 1 g/mL for two hours.  The slides were then washed 3 times for 10 
minutes in wash buffer, rinsed briefly with milli-Q water and dried.  The slides were 
immediately imaged on a GenePix 4000B microarray scanner (Molecular Devices 
Sunnyvale, CA) using a gain of 450. 
The zipper exchange time studies were performed by pre-incubating the GFP-ZE 
with a polymer-DNA conjugate and separately pre-incubating the GST-ZE with an 
unconjugated polymer protein for 30 minutes.  Following this, the two solutions were 
mixed together with hybridization buffer and incubated together for 1, 2, 4, or 8 hours.  
The solution was then incubated in a reaction chamber on a microarray printed with a 
control strand and a strand complementary to the GFP-ZE/polymer-DNA complex and 
left overnight.  The slides were then washed, probed, and scanned identically to the 
multi-protein microarrays. 
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7.2.6. Surface-Immobilized -Lactamase Assays 
All reagents used to prepare substrates for these assays were dissolved in TE 
buffer (pH 7.4).  96-well plates were incubated with biotin-BSA (1 mg/mL) for 10 
minutes.  The plates were then blocked with casein (1 mg/mL) followed by BSA (1 
mg/mL) for 1 minute each, and washed twice with TE buffer.  Next, streptavidin (0.5 
mg/mL) was added to each well and incubated for 10 minutes.  Afterwards, the 
streptavidin solutions were aspirated off and the plates were rinsed briefly with the casein 
solution and then twice with TE buffer.  Biotin functionalized DNA was added to the 
appropriate wells to a final volume of 50 L and incubated for 30 minutes.  Certain wells 
were designated for controls that either omitted the DNA deposition or contained a non-
complementary DNA strand.  Excess DNA that did not bind the surface was removed by 
washing with casein and BSA as before.  To immobilize enzymes, PSE-4-ZE was pre-
incubated in 3 fold excess of the ZR-(ELS)6-C-ssDNA conjugate for 30 minutes.  The 
PSE-4-ZE and conjugate solution were applied to the appropriate wells.  The plate was 
left to incubate for 2 hours and then protein solutions were aspirated from the wells.  
After washing 4 times with TE buffer, each well was brought to a final volume of 100 L 
by adding TE buffer.  Subsequently, nitrocefin was added to each well, bringing the wells 
to a final volume of 200 L and a final substrate concentration to 150 M.  The plates 
were scanned using a Tecan Infinite 200 microplate reader.  Absorbance readings at 485 
nm were monitored every 50 seconds for 3 hours at 25 C.  The steady-state reaction rates 
of the immobilized -Lactamase enzymes were determined via linear regression analysis. 
Each condition was performed in triplicate (5 g complementary DNA, 5 g non-
complementary DNA, and no DNA).  The rates of nitrocefin hydrolysis were averaged 
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across the replicates and plotted with error bars indicating +/- standard deviations.  
Different amounts of DNA (0, 1, 1.5, 2, 4, or 5 g) were added to wells in triplicate.  The 
steady state rates were calculated via linear regression and calibrated against known 
concentrations of soluble PSE-4 to estimate the concentration of PSE-4 immobilized for 
each DNA concentration.  The values were averaged and plotted with error bars 
indicating +/- standard deviations.  These points were then fitted using linear regression.  
All statistical analyses were performed using OriginPro 8 (OriginLab). 
7.2.7. Synthesis and Characterization of Multi-Protein Assemblies 
The DNA scaffold consisted of a single duplex of DNA (34 bases; 10 nm in 
length) flanked by unique single-strand ‘overhangs’ comprised of 20 bases on either end.  
To create scaffolds, strands were mixed stoichiometrically as estimated by A260, and 
annealed from 95º C to RT, over 1.5 hrs in TAE/Mg
2+
 buffer (40 mM Tris, 40 mM Acetic 
Acid, 2 mM EDTA, 12.5 mM Mg
2+ 
Acetate, pH 8) for a final concentration of 1.8 M.  
Target protein (either CaM-ZE or GFP-ZE) and its respective ZR-(ELS)6-C-ssDNA 
conjugate were mixed in a 1:1 ratio and incubated at 4º C for at least 1 hr.  DNA scaffold 
was added in a 1:2 or 1:1 ratio with the protein mixture (depending on whether it was the 
single or two protein system) and incubated at RT for 1.5 hrs, then 4º C for 30 min.  A 
7% (w/v) non-denaturing PAGE gel was run at 200 V at 4º C (SE 600 Ruby, GE 
Healthcare) in TAE/Mg
2+ 
buffer.  The DNA/protein complexes were visualized by 
staining with Stains-All (Sigma). 
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7.3. Results and Discussion 
In this report, we describe a new synthetic strategy to couple proteins to DNA-
matrices that involves the production of DNA-conjugated polypeptide polymers 1 that 
function as capture probes by associating with recombinant affinity-tagged proteins in 
solution and then directing their deposition onto DNA-coated supports.  These polymers 
are based on artificial proteins that have been previously used to control the surface 
immobilization of proteins [143] and to build finite-sized multi-protein complexes [144].  
With this system, protein capture is achieved through the coiled-coil association of an 
engineered parallel pair of heterodimeric leucine zippers, designated ZE and ZR.  The 
zipper sequences are derived from polypeptides developed by Vinson et al. [98], and 
form exceptionally strong heterodimeric complexes (KD ~ 10
-15
 M) with much weaker 
homodimeric complexes (KD ~ 10
-3
 to 10
-6
 M).  Half of the zipper complex is fused to a 
target protein as an affinity tag, while the other component is incorporated into the 
polymer as a genetic fusion.  The polymers also contain a mechanically flexible and 
repetitive domain based on the elastomeric poly(VPGVG) structural motif of the protein 
elastin (EL).  Substitution of amino acids at the V position of this domain provides 
control over the hydrophilicity of the polymer, and can be used to either direct or 
minimize physical adhesion of the polymers to functionalized surfaces [143].  Here, we 
demonstrate that a DNA-conjugated version of these artificial proteins can be used to 
direct the self-assembly of target proteins onto DNA supports by forming a monovalent 
and stable intermediate linkage between immobilized ssDNA and the target proteins 
(Figure 7.2). 
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Figure 7.2. Synthetic Route to Employ Artiﬁcial Protein-DNA Conjugates for 
Recombinant Protein Capture 
The polypeptide polymers employed here contain the basic portion of the zipper 
complex (ZR), a polymerized elastic ‘mid-block domain’ or ELS fragment (VPGVG 
VPGSG VPGVG VPGSG VPGVG), and a C-terminal cysteine, yielding ZR-(ELS)6-C.  
After the in vivo expression and purification of these polymers, sulfosuccinimidyl 4-[N-
maleimidomethyl]cyclohexane-1-carboxylate (sulfo-SMCC) was used as a 
heterobifunctional crosslinker to couple an amine-functionalized oligonucleotide to the 
C-terminal cysteine of the polymers [134].  The large shift in the isoelectric point of the 
polymers after DNA-labeling allowed the conjugates to be purified to homogeneity using 
fast protein liquid chromatography (Figure 7.3).  Since the artificial proteins can sustain, 
without loss of function, lyophilization, resuspension in denaturing buffers, and extended 
dialysis, the labeling reactions can be scaled-up, and this route allows concentrated stock 
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solutions of ZR-(ELS)6-C-ssDNA to be prepared despite the intrinsic inefficiency of the 
sulfo-SMCC crosslinking reaction. 
 
Figure 7.3 FPLC chromatogram and SDS-PAGE gel for conjugate synthesis and 
purification.  The FPLC trace indicates the absorption measured at 280 nm, 
gradient implemented, and measured conductivity.  The chromatogram shows the 
characteristic 3 peaks from the crosslinking reaction: I. Unconjugated polymer; II. 
Conjugate; III. Unconjugated DNA.  The corresponding gel shows purified polymer, 
the crosslinking reaction products (Conjugate), and a sample of each of the 3 peaks.  
The Stains-All stains DNA blue and protein yellow.  The shift in the DNA band 
shows the presence of the conjugate in peak II. 
To test the ability of 1 to control the deposition of protein on DNA matrices, we 
labeled two samples of ZR-(ELS)6-C with different oligonucleotides containing non-
complementary sequences.  These polymers were then used as solution-phase capture 
probes that encode the spatial deposition of recombinant proteins onto DNA-printed 
microarrays (Figure 7.4).  In this procedure, green fluorescent protein (GFP) and 
glutathione-S-transferase (GST) were chosen as target proteins and were expressed in 
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vivo with C-terminal ZE fusions.  Protein capture was achieved by mixing samples of 
either Ni
2+
-NTA purified target proteins (~1 mg/mL) or expressed proteins in unpurified 
cell lysates with a single conjugated version of 1 at a 3:1 molar ratio of target protein to 
polymer.  After a brief incubation period (< 30 min), these solutions were incubated 
overnight over a custom fabricated DNA microarray.  Each array was washed and probed 
with fluorescently labeled antibodies (either Alexa647-anti-GFP or both Alexa647-anti-
GFP and Cy3-anti-GST at 1 g/mL) and scanned using a GenePix 4000B microarray 
scanner (Molecular Devices).  DNA-directed self-assembly of both GFP-ZE and GST-ZE 
was found to be highly selective.  As expected, arrays formed using either purified 
proteins or cell lysates demonstrated the oligonucleotide sequence-specific targeting of 
the proteins.  Microarray spots containing the appropriate complementary ssDNA 
sequence possessed average signal-to-noise ratios (SNR) with a range of 20 to 60.  
Proteins appearing in the Cy3 channel tended towards the higher end of this range. On the 
other hand, average SNR values were significantly lower for spots containing non-
complementary strands, a SNR range of 1.6 to 5.  Furthermore, when the pre-incubated 
protein solutions were combined for 1, 2, 4, or 8 hours prior to the overnight incubation 
on the microarray, we did not observe any detectable exchange between proteins 
displaying the zipper fusion (Figure 7.5). 
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Figure 7.4 The use of artiﬁcial polypeptide conjugates to create protein microarrays 
encoded by DNA.  Arrays probed with Alexa647-anti-GFP were prepared using 
purified GFP-ZE (A) and cell lysates containing expressed GFP-ZE (B).  In both 
cases, column I denotes spots containing the complementary sequence for GFP-ZE / 
polymer complex while a non-complementary control strand was spotted in column 
II.  Images in A and B were cropped and placed together for clarity with a pitch of 
250 m between spots.  (C) Two-component arrays were fabricated through a single 
incubation of pre-captured GFP-ZE and GST-ZE proteins.  Column I contains a 
complementary strand for GFP-ZE / polymer complex, column II contains a 
complementary sequence for a second GST-ZE / polymer complex, and III contains 
spots of a non-complementary control strand.  Multi-protein arrays were probed 
with a mixture of Alexa647-anti-GFP and Cy3-anti-GST.  The pitch between spots is 
500 m. 
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Figure 7.5 Microarray experiment showing the leucine zippers do not exchange 
between target proteins. Two protein complexes: (1) a GFP-ZE protein captured 
using a DNA-polypeptide conjugate, and (2) a GST-ZE complexed with an 
unconjugated ZR-(ELS)6-C polypeptide were mixed together for periods of 1-8 
hours to test exchange.  Afterwards, this solution was incubated for 16 hours over 
DNA-spotted array.  Without exchange, the GST-ZE protein should not immobilize 
on our arrays, and any exchange should result in the appearance of a GST positive 
signal.  All of the arrays show selective capture of the GFP-ZE.  We did not observe 
evidence of exchange in any experiments.  The 8 hour time point is shown in the 
figure.  The positive control strand was printed in lane I (the GFP positive lane), 
while a non-complementary strand is was printed in lane II: The GST signal (green) 
was lower than background in all spots in the array. 
We also examined the effect our DNA-directed immobilization strategy had on 
enzymatic activity.  As a test case, we immobilized a β-lactamase enzyme (PSE-4) onto 
the surface of 96-well plates that were functionalized with streptavidin and then biotin-
labeled oligonucleotides.  DNA-directed deposition was performed using a similar 
procedure to that developed for the microarrays except that the PSE-4-ZE fusion protein 
was prepared using standard periplasmic expression and lysis methods.  Nitrocefin was 
used as a substrate for PSE-4 since the enzymatic opening of its lactam bond produced 
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a detectable change in absorption at 485 nm using a Tecan Infinite 200 microplate reader.  
Measurements of nitrocefin hydrolysis rates again verified ability of 1 to selectively 
control enzyme deposition of target proteins (Figure 7.6B).  Wells containing 5 g of a 
complementary oligonucleotide to 1 showed a 4-fold increase in activity over wells that 
contained non-complementary sequences or where the ssDNA was omitted (Figure 7.6).  
Consistent with previous reports that utilize DNA-directed immobilization of enzymes 
[132], levels of PSE-4 activity were found to be linearly dependent on the amount of 
DNA that is immobilized in the wells (Figure 7.6 inset).  Using soluble PSE-4-ZE as a 
calibration standard, the hydrolysis rate was converted to PSE-4-ZE concentration, 
yielding a slope of 18.6 nM PSE-4-ZE per microgram of DNA. 
 
Figure 7.6 DNA-directed control over immobilized enzyme activity.  A 4-fold 
increase in PSE-4-ZEactivity over background nitrocefin hydrolysis is seen in wells 
that were incubated with 5 g of complementary DNA strands (C DNA) when 
compared to wells containing the same amount of a non-complementary DNA 
strand (NC DNA).  Control wells where the DNA-functionalization step was omitted 
(No DNA) are also shown for comparison.  The inset shows the linear dependence of 
PSE-4-ZE activity on the amount of complementary DNA deposited in the wells (r
2
 = 
0.95). 
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Finally, the two different conjugated versions of 1 were synthesized and used to 
facilitate the self-assembly of multi-protein complexes onto molecular-scale scaffolds 
formed from DNA.  Complexes containing either two GFP-ZE proteins or a GFP-ZE and 
a calmodulin protein (CaM-ZE) were prepared (Figure 7.7).  The DNA scaffold consisted 
of a 10 nm long double helix (34 bases) flanked by unique single-strand ‘overhangs’ 
comprised of 20 bases on either end.  The ‘overhangs’ either possessed the same or 
orthogonal oligonucleotide sequences depending on whether single or multi-component 
complexes were being synthesized.  Multi-protein assemblies were synthesized by pre-
incubating 1 with GFP-ZE or CaM-ZE, and then adding the DNA scaffold.  In each case, 
the protein, polymer, and ‘overhang’ concentrations were held at a 1:1:1 stoichiometry.  
Complex formation was examined using non-denaturing polyacrylamide gel 
electorphoresis (PAGE) and by staining for DNA and protein using Stains-All (Sigma).  
Clear separation between the scaffold and both partially and fully-formed assemblies was 
observed.  For each complex, gel intensity analysis indicated that the multi-protein 
complexes formed in high yield (> 95%) using these conditions, proving that the 
association of the zipper complex and DNA-hybridization provided stable and selective 
linkages to drive the assembly process near quantitative yield, and that this process does 
not require the addition of large excesses of individual assembly components to form 
complete complexes. 
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Figure 7.7 Non-denaturing PAGE-gels conﬁrming the synthesis of multiprotein 
complexes.  (A) Native PAGE-gel showing the successful formation of the complex 
containing two Cam-ZE proteins assembled on a single DNA double helix. The 
dominant species observed in the individual lanes of the gel are indicated by Roman 
numerals.  The labeling scheme is as follows: I. DNA scaffold alone; II. assemblies 
prepared at a 1 to 0.5 ratio of ssDNA scaffold to conjugates;  III. a ‘half’ complex 
composed of the DNA scaffolds and two artificial polypeptides;  IV. complete 
assemblies formed at a 1:1:1 ratio of all assembly components. (B) Gel 
demonstrating the assembly of multi-protein complexes containing both a GFP-ZE 
and a Cam-ZE  (III), templated on a DNA scaffold possessing two different 
‘overhang’ sequences.  Partial complexes formed using only one type of protein and 
corresponding to either Cam-ZE (I), or GFP-ZE (II) are also shown.  A full version of 
the gels and complexes seen here can be found in Appendix A. 
7.4. Conclusions 
In summary, we have demonstrated that DNA-conjugated artificial polypeptides 
can be used as protein capture probes that facilitate the oligonucleotide sequence-
dependent deposition onto DNA-functionalized matrices.  Furthermore, we have shown 
 126 
that these polymers allow the stoichiometries of enzymes to be deterministically 
controlled by forming a stable intermediate linkage between DNA-coated supports and 
target proteins.  Importantly, our modular strategy separates the production of 
recombinant target proteins from DNA-conjugation procedures.  Here, the synthesis of a 
single set of polymer allows diverse combinations of ZE-tagged proteins to be 
immobilized for different applications.  Furthermore, the selectivity and stability of the 
heterodimeric association of the leucine zipper system employed here permits target 
protein capture and pull down from unpurified cellular lysates and is compatible with a 
variety of protein expression systems and techniques.  In this way, our strategy presents a 
flexible and versatile alternative to existing DNA-conjugation methods that is 
advantageous for applications where the ability to conjugate proteins with DNA is 
limiting, and in circumstances that require minimal post-expression processing of target 
proteins. 
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Appendix A 
 
Figure A1.  Full non-denaturing PAGE gel (Figure 7.7) displaying each of the 
components of the assembly individually as well as intermediate structures.  The 
corresponding components of each lane are depicted at the periphery of the gel.  
From this analysis, we are able to adjust the volumes of individual protein stocks to 
compensate for errors in protein concentration measurements, in order to drive 
assembly formation more quantitatively. 
